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Geometric Factors in Electrical Measurements Relating 
to Corrosion and Its Prevention 


W. J. Schwerdtfeger and Irving A. Denison 







The “electrical boundary” of a galvanic couple immersed in an aqueous medium, when 
corroding normally and also when corrosion is stopped by cathodic protection, is discussed 
in the light of present theory. Experimental data, consisting of potential measurements 
made on bimetallic couples in an unrestricted medium producing relatively little polarization 
and also one producing considerable polarization, are compared with theoretical data. The 
electrical boundary is theoretically defined and experimentally verified for model galvanic 
couples having bimetallic electrodes, one couple simulating line electrodes and the others 
having electrodes made of longitudinal cylindrical segments arranged in three anode-to- 
cathode area ratios. The effect on potential measurements as a result of interference to the 
normal flow of galvanic and external currents is also shown by experimental data. The 
results of this study indicate that geometric factors should be given consideration in making 
potential measurements on subsurface structures of similar configuration, such as evlindirical 


tanks and pipelines. 


1. Introduction 


Because of the electrochemical nature of corrosion 
in aqueous media, the study of current and potential 
relations pertaining to galvanic couples has provided 
much useful information concerning the mechanism 
of corrosion and its prevention. However, relatively 
little attention has been given to the spacial relations 
between the anodic and cathodic areas that comprise 
the galvanic couples. Ina given medium, potentials ' 
are affected by the polarization of the elements of 
the couple and also by the conductivity of the electro- 
lvte. In order to study the potential pattern around 
a galvanic couple * most effectively, measurements 
might be made with the couple in a solution which 
cuuses relatively little polarization. The conclusions 
reached from these measurements, insofar as geo- 
metrical considerations are concerned, should also 
be applicable to all galvanic couples of similar con- 
figuration, regardless of polarization or electrolyte 
conductivity. It might even be true that in certain 
environments such geometrical considerations be- 
come relatively insignificant, for example, in a highly 
conductive electrolyte) producing considerable po- 
larization. 

The plan of this investigation was to make an 
experimental study, based on theory, of the potential 
distribution in the vicinity of line electrodes im- 
mersed in a conducting medium and to show the rela- 
tion between the potential pattern and geometry. 
The relationship was then extended to experimental 
galvanic couples in the form of cylinders, with the 
aim of perhaps applying the information obtained to 
the measurement of potentials on subsurface struc- 
tures of similar configuration, such as pipelines. 


Phe term “potential” as used in this paper implies a difference of potential 
between a standard reference electrode and the element under discussion in the 
seme electrolyte When current flow resistance drop is included 

rhe term “galvanie coupk mplies the flow of current produced locally by 
cell action due to the contact of dissimilar metals in a certain environment or 
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il effect on different areas of the surface of a metal 
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2. Theoretical Considerations 


2.1. Definition of Symbols 


The electrical symbols used throughout this paper are 

identified and defined as follows 

7, = Open-circuit potential of the anode. 

E.= Open-circuit potential of the cathode, 

E,= Potential of the couple. 

AE, = Change in anode potential. 
AE, = Change in cathode potential. 
EF, = Potential at some arbitrary point P. 

E,=— External voltage applied to the couple. 

FE Potential at the electrical boundary of the couple when 
external current is cathodically applied. For the 
experimental data in this paper, F is associated with 
the current = 


é Anode (surface) driving potential. 
é Cathode (surface) driving potential. 
é Potential of the cathode during cathodic protection. 
/ — External current to the couple. 
| kxternal cathodic current flowing to the couple when 


the cell current 7) = 0, defined as the current necessary 
for cathodic protection. 
‘ Cell current. 
R fesistance of the couple to the flow of external current. 
Klectrolytic anode resistance. 
Klectrolytic cathode resistance. 
Electrolytic cell resistance 
Electrolytic resistance external to the electrical 
boundary 


2.2. Galvanic Couple Without External Current 


When the anode and cathode of a galvanic couple 
do not polarize the following relation applies: 


E.— E.—twro=0. (1) 
If the anode and cathode do polarize and the cell 
resistance 79 Is expressed in terms of its anodic and 


cathodic components, eq (1) becomes 


Lola — tol - = 0 (2) 


or 
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Equation(3) is pictured diagrammatically in figure 1. 

If a reference electrode is dipped into the electro- 
lyte in the vicinity of the couple and moved from the 
anode surface to the cathode surface, the measured 
potential, E,, between the reference electrode and 
the couple will vary from ¢, through F, to e,. If the 
reference electrode is sufficiently far removed from 
the couple so as to be out of the influence of the 
anode and cathode, the potential measured will be 
Kk, in all positions. The variation in potentials 
observed will depend chiefly on the difference 
between the open-circuit potentials, E, and /., and 
the polarization, AF, and AF,, after the couple is 
formed. 

A better understanding of the couple potential is 
possible if one imagines two line electrodes, A and 
(’, of infinite length surrounded by an unbounded 
electrolyte, as shown in figure 2,a, disregarding the 
circle for the present. If a current is flowing be- 
tween anode A and cathode C, the potential, /,, at 
some point, /’, is expressed spatially by the function 
log p2/p;, as illustrated in figure 2,b [1]°, where p; and 
p2 are, respectively, the distances between the anode 
and the cathode and point ?. If, for example, the 
line electrodes are separated by a distance of 2 
inches, the potential variation along the AA 
axis with respect to the intersection of the AA’ 
and 22’ axes would be asshown in figure2,b. It will 
be noted that the potential, /,, is approached 
asymptotically by values measured along the AA’ 
axis, as indicated, or on all axes other than BA’, 
which is an equipotential axis equal to the potential 
of the couple. For the nonpolarized line electrodes 
shown, 
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For a condition of polarized line electrodes, the 


expression becomes 
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If the couple elements are no longer in the form of 
line electrodes, the couple potential, /,, in relation to 
é, and e. will depend on the relative values of 7, and 


r, (fig. 1). 


2.3. External Current Applied to a Cylindrical 
Conductor 


If an equipotential cylindrical surface of infinite 
length (fig. 2,a), disregarding the couple AC, is sur- 
rounded by an unbounded electrolyte, the electrical 
resistance of the cylinder to the radial flow of current 
is expressed geometrically by the function log D/a, 
where D and a are both in the same units, )) being the 
radius of a concentric circle and @ the radius of the 
evlindrical conductor [2]. Therefore, if the con- 
ductor is subject to a radial flow of direct current, it 
will be surrounded by concentric equipotential 
circles and the potential, /,, along any radius will 
vary as the function log D/a, assuming that the 
current is constant and the potential of the conductor 
does not change during the course of the measure- 
ment. It will be shown (experimentally) later that 
this approximates the potential distribution at some 
distance away from a galvanic couple in the form of a 
evlinder under the condition of an externally applied 
current. 
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2.4. Effective Electrical Boundary 


It has been shown that the theoretical potential of 
a couple is not reached within finite distance, except 
along the BA’ axis. Actually, however, in a given 
electrolyte, the distance away from the couple where 
changes in potential, /,, become insignificant is 
considered as the electrical boundary [8], and the 
corresponding potential is looked upon as_ the 
potential, /,, of the couple. 

It is sometimes desirable to measure the potential 
of a galvanic couple while an external current is 
flowing to it. Under such circumstances the electrical 
boundary, as previously defined, becomes obscured 
because of the J? drop resulting from the applied 
current. A simultaneous evaluation of both the local 
and external current effects might be imagined if one 
considers the couple and the evlinder (fig. 2,a). In 
figure 3 are shown the logarithmic potential functions 
log io P2/ Pp) and logy Da for the couple and cylinder 
(diameter, 2.25 inches), respectively, plotted against 
the distance from the intersection of the AA’ and 
BI’ axes (center of the couple) as the abscissa. Also, 
if the abscissa were expressed as multiples of the 
distance AC’ (fig. 2,a), the resulting curves would be 
similar to those of figure 3. 

It will be observed that beyond, for example, 14 
inches (abscissa) the change in the couple potential 
function log pe/p, becomes relatively small in com- 
parison with the change in the evlindrical potential 
function log Ya. Therefore, if external current 
flows to the evlinder with the superimposed couple 
actually in direct contact, the concentric equipoten- 
tial lines previously discussed in connection with the 
evlinder only would be expected, for all practical 
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Figure 3. Comparison of the potential of a galvanic couple 


without external current and the potential around a cylinder 
receiving current. 


Data apply for the dimensions in figure 2 (a). 
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purposes, to still exist beyond the electrical boundary. 
The limiting distance of 14 inches, geometrically ex- 
pressed, is about 6 diameters and might be looked 
upon as the “‘effective electrical boundary” of a 
galvanic couple diametrically superimposed on and in 
contact with a conducting cylinder of infinite length 
in an unrestricted electrolytic medium. 

The accuracy of the geometric factor 6 as related 
to the effective electrical boundary can be experi- 
mentally evaluated by comparing the potential 
measured at 6 diameters on a laboratory model with 
the calculated boundary potential, /, pertaining to 
the model, based on the work of Holler [4,5] . Holler 
has shown that the resistance, R,, of a galvanic 
couple, is 


PS 
R., - a‘ec e 6 
. YetTe ( ) 
Thus in figure 4, when the switch is closed, the 
following equations apply: 
E’,— Ir,—(E,— IR, =0. (7) 
Let, 
EK=E,—TIr, (8) 
Then, 
I E, IR,, (9) 


the potential at the electrical boundary. 

When the applied current, 7, is equal to /, (see 
definition of symbols), the potential of the anode, A 
will be /, because no current is leaving the anode. 


When io=0, then eq (3) becomes 
E.=¢,= Bi (10) 
and eq (9) becomes 
as my (11) 
AUXILIARY ELECTROLYTE 
ANODEW 
































Figure 4. External current applied to a galvanic couple. 











fc, and 7, are measurable, and R, can be calculated. "79 
In an electrolyte producing relatively little polariza- 

tion of the electrodes, A and (’, after measuring the 
potential, E, the electrode potentials, é, and ¢ 

can also be measured by placing the reference elec- 
trode adjacent to the anode and cathode surfaces, 
respectively. The galvanic, or cell, current, io, can > 
be measured with a milliammeter 
From eq (3) and figure 1, it is apparent that 


ee ee 


zero-resistance 


Ce 





, and hol e, | 12 


therefore, 
} =. sand ) —-— (13 


The value I, can now be calculated, and by sub- 
stituting appropriate values in eq (11), the eal- 
culated potential, Kk, at the electrical boundary 
might be compared with the value actually measured 
with the reference electrode supposed] at the bound- 
ary. 


3. Experimental Results 
3.1. Laboratory Methods 


The measurements were made in a evlindrical 
approximately 66 inches in inside 
diameter and 18 inches high. The inner wall of the 
vat was lined with a copper sheet, which served as 
the auxiliary anode when external current was applied 
to the experimental cathodes. A %,-inch steel rod 
was rigidly mounted off-center across the top of the 
open val to hold C -clamps for securing the galvanic 
couples in the center of the tank perpendicular to 
the wooden bottom. The rod also facilitated fasten- 
ing and adjustment of the probe electrode for measure- 
ments made along the AA’ axis. All potentials were 
measured with a high-resistance voltmeter (200,000 
ohms volt) and a saturated calomel half-cell ter- 
minated in a S-foot-long flexible plastic tube and 
probe electrode. both of which were filled with a 
saturated potassium  chloride-agar mixture. All 
potential measurements were made in a horizontal 
plane about 2 inches below the surface of the elec- 
trolvte in the vat. The electrolyte was maintained 
in level to a depth about | inch from the top of the 
Val. 


wooden vat 


3.2. Galvanic Couple of Simulated Line Electrodes 
in a Dilute Copper Sulfate Solution 


The first experiments consisted of observations on 
galvanic couples having elements of zine and copper 
in the form of paired rods of varving diameter in a 
solution of approximately .V/10) copper sulfate 
Small-diameter rods (0.125 inch) were the nearest 
approach to theoretical line electrodes, but it was 
found that instability prevailed because of polariza- 
tion due to the large galvanic-current densities, when 
such rods were coupled. However, rods of %¢-inch 
diameter or greater were polarized relatively little 
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FiGure 5. Galvanic couple of line electrodes in a one-tenth 
normal copper sulfate solution 


ISS ma 


in the solution and therefore were free from unstable 
Data obtained on a pair of externally 
short-circuited %,-inch zine and copper rods are 
shown in figure 5. The rods were separated by 2.25 
inches to allow for the insertion later of a 2.25-inch- 
outside-diameter conducting evlinder between the 
rods so that the data obtained might be compared 
with the theoretical diagrams (figs. 2 and 3). It 
will be noted that 90 percent of the change in 
potential, attributable to //2 drop, between the 
cathode and anode surface potentials, ¢. and €,, re- 
spectively, and the couple potential, /,, occurs at 
10 inches in either direction along the 1.1’ axis and 
the intersection with the ’/" axis, namely, the center 
of the couple. This a quite well with the 
theoretical data, figure Actually, if the elec- 
trodes are to be considered strictly as line electrodes, 
it would probably be more appropriate to consider 
their separation as being equal to the distance 
between their centers, namely, 2.56 inches. 

Figure 6 shows potentials measured along the s1 
and «l’ axes for the same couple, potentials along the 
BB’ axis being omitted, for the condition when the 
galvanic current ¢,—0, accomplished by applving 
external current, J, The potential, Ky oat the 
electrical boundary calculated by the use of eq (11 
is shown as one of the dashed horizontal lines in the 
figure crossing the .V and cl curves at 12 and 14 
inches, respectively, and therefore is in fair agreement 
with the electrical boundary (6) times 
distance of separation 

In figure 7 is shown the effect obtained by inserting 
2 conducting 4 linder (steel tube between the copper 
and (fig. 5), the copper rod being 
soldered to the steel. In comparing figures 5 and 7 
it will be observed that, as a result, the couple 
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FIGURE 6 Eerterna cathodic current applied lo the cou ple 
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between Zn 


D, exrce pt Jor the steel tube. 


ind Fe-Cu 170 ma 


potential, I changed, but the effective electrical 
houndary of the Zn-Cu couple remained about the 
sume. When external current was applied (fig. 8) 
the effect of the copper and the zine became negligible 
only after 14 inches, showing that the copper elec- 
trode determined the electrical boundary, even 
though the steel was the larger cathodic element of 
the couple. Although not pertinent to the present 
discussion, but important from the standpoint of 
cathodic protection, is the fact that 750 ma, as 
compared to 230 ma (fig. 6), had to be applied from 
the external power source in order to reduce the 
galvanic current to zero. This was so because the 
inclusion of the steel, having an open-circuit potential 
of —0.61 v, put the system of galvanic couples under 
anodic control. 
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FIGURE &. External cathodic current applied to the combination 
fig. 7) 


of couples 


1p=7) ma, 


3.3. Galvanic Couples With Electrodes Consisting of 
Cylindrical Segments in the Dilute Copper Sulfate 
Solution 


In order to determine whether the potential distri- 
bution around galvanic couples in the form of eyl- 
inders was similar to that in the vicinity of line 
electrodes, model evlindrical couples were con- 
structed having the same diameter as the distance 
between the line electrodes discussed in the prey ious 
experiments. 

The combination of a galvanic couple and con- 
dueting evlindrical surface might be represented by 
a evlinder having two longitudinal segments of 
different metals. The experimental models with 
which the remaining data were obtained consisted 
of such bimetallic evlinders having three area ratios 
of steel and copper with insulation between the metals 
to enable the measurement of galvanic current. 
Only the exterior evlindrical surfaces were exposed 
to the electroly te. 

Data obtained on the three evlindrical models are 
plotted in figures 9, 10, and 11. In addition to 
potentials on the AA’ and BA’ axes, are shown also 
potentials measured along intermediate axes CC’ 
and DD’. Axis orientation is shown in the inset, 
part (a) of the figures. The change in potential 
along the AA’ axis (fig. 9,a) compares on a percentage 
basis with the theoretical change for line electrodes 
(fig. 2,b). Caleulated boundary potentials, /, eq 
(11), are indicated in parts (b), shown as covering a 
range in number of model diameters (1 diam, 2.25 
in.) along the For these models the 
boundaries might be imagined as resulting from 
composite couples in the form of paired line elee- 
trodes. The electrical boundary obtained by av- 
eraging the ranges resulting from the three sets of 
calculated data (figs. 9, 10, and 11) is about 3% 
diameters (based on model diameter). 

The data in parts (c) of figures 9, 10, and 11 were 
obtained in order to compare potentials, /,, of the 
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evlindrical couples measured along the .1 axes, parts 
(b), with corresponding space potentials of a copper 
tube having the same external diameter as the cvl- 
indrical couples. External cathodic currents were 
applied to the copper tube equal to the respective 
values of | = The ordinates, AE,, parts (c), are the 
algebraic differences obtained by subtracting the 
copper-tube potentials from the potentials of the 
respective cylindrical couples. It is noteworthy 
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that for distances bevond the effective electrical 
boundary (14 in.) the effect of the couple becomes 
relatively constant, therefore indicating that po- 
tentials, /,, parts (b), beyond 14 inches along any 
axis vary as the function log D/a (fig. 3). It will 
also be noted that bevond 14 inches the ordinates, 
AE,, parts (c), are approximately equal to the 
couple potentials E,, parts (a). 
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3.4. Galvanic Couples with Electrodes Consisting of 
Cylindrical Segments in Tap Water 


The experiments carried out with the cylindrical 
couples exposed to .V/10 copper sulfate solution were 
repeated by exposing the same models to Washington, 
D. C., tap water (resistivity =5,200 ohm-em at 60° 
kK) with the idea of observing the effect of polariza- 
tion, if any, on the electrical boundary. Data for 
the 1:1 couple are shown in figure 12. That the 
change in potential, part (a), due to resistance, along 
the AA’ axis agrees fairly well with the theoretical 
change for line electrodes (fig. 2, b) is borne out. 
For example, at 14 inches the change in potential 
from the potentials, ¢, and e,, to &, averages about 




























7 T as 
44 
4 
> 4 
; | 
w 
- 
< 4 
a 
z 4 
w 
> a 
a 1 
; 4 
-8 ad 
—§ a = 
L 4 San Mani 
> \ 
s+ \ J 
a Int 
c 
- be © "i 7 
<-7 PANN --4-----¢, 2 
- 
z= | 'n,Rg ; 
- ~~ b ee E ( CALCULATED) a 
a ; ™ a ed 
a ' 
' 
a de 4 A. at i 1! i. lL 4. l " | i. L he 1 +. 





ie) 4 8 12 16 20 24 28 32 36 
DISTANCE FROM CENTER OF COUPLE, in. 


Cylindrical galvanic couple (fig. 9) in Washington, 
- £. lap water. 
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Figure 12. 


iS ma 


@, A axis; O, A’ axis 


92 percent. When external cathodic current, /,, is 
applied to the couple the curves converge near the 
calculated boundary potential, which occurs 5.5 
diameters from the center of the couple. The diver- 
gence of the curves bevond this point is of no signifi- 
cance and is to be disregarded. The calculated 
boundary potentials for each of the other two 
models in tap water, geometrically expressed, 
occurred at 3.5 diameters, averaging therefore 4.2 
diameters for the three models. These electrical 
boundaries are about the same as the values observed 
in the copper sulfate solution, in which polarization 
of the electrodes was relatively insignificant as 
indicated by comparing the potential changes 
(/¢.—e,) in figures 9 and 12. 

As polarization is of major importance in cathodic 
protection, and the criterion for protection is ordi- 
narily based on a predetermined potential measured 
between the corroding metal and a reference elec- 
trode, the position of the latter must be considered 
with regard for 7? drop included in the measurement. 
The significance (fig. 12, b) of the potential, /, at 
the electrical boundary as related to the protective 


potential criterion is discussed in section 4.3. 
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3.5. Effect of Interference oo t T 1 1 























All experimental data previously discussed were 
. o #6 ° -—i| 
obtained under almost ideal CONCITIONS | lait Is, 1c 
btained under almost ideal conditions; that is, t Mo (a) 
tank holding the electrolyte offered little or no “2 q 4 
interference to the normal flow of current between a2 PF .. ] 
the anodes and cathodes of the couples. Also, when : 8° atic — _ 
‘xternal curre as applied a vertical evlinder 2 ee) 
external current was applied to a vertical evlinder = 2-3 aes . 
in the center of the tank the current flow was sub- — & | — 
stantially radial, therefore producing nearly equal = ‘ y 
ast. & 4 
potential gradients between any two concentric = rg . 
circles Practical conditions are generally not ideal, 
and therefore the experiment illustrated by figure <5 +] 1 
% was repeated with a vertical insulating wall (fig. } 
13) positioned inside of the vat, thereby shielding any - % 4 
externally applied current normally flowing from o be <j 
that segment of the auxiliary anode. The normal \ (b) ] 
flow of galvanic current is also affected by the , 
: : a 4 
insulating wall il ioe * alee 
Prior to obtaining data on the galvanic couple, a r "Winsd 1 
external cathodic current was applied to a 2.25-inch-  * -e ~~ ied. _ 4 
outside-diameter (same as couple diameter) copper a ‘ ., ae eo q 
; “er , , , = ajiaaiia tie -—o—._3—— - 
a positioned vertically in the center of the vat. z 3 4 ee Eg 
Potentials measured between the pipe and the = # 1 ad | 
insulating wall along the AA’ axis and also along = & ¥ 
° ° . . ° ° on / A 
the insulating wall were found to fit logarithmic i 1 
equations used by Scott [6] and shown by him to f 1 
apply to the effect of the earth’s cover (represented -5 Fé 4 
by the dimension, h, fig. 13) on potentials in a plane oO be 4 
normal to a pipe line buried parallel to the contour | \ (c) ] 
of the earth’s surface. Thus, it was established iLA | 
that the Bakelite insulating wall produced inter- — , | 
ference effects similar to those obtained by Scott, , |e A————*“—-ALONG THE WALL—=* ] 
. . . . a id 
and therefore, the data obtained with the arrange- w a2 , i A . 
‘ . a a ; ase PT ya : 8 Ch... 
ment shown in figure 13 might be considered as 2 a ~ oo tig 
being representative of the effect produced by the east aw = 
earth’s surface. w [| : 
Data on one of the couples, with the wall in two > P o/ »a' 
positions, are shown plotted in figures 14 and_ 15. / 
Included also for comparison are data, parts (a), | / 
. } . . . a : rl =5 oy l 4 l rn L 1 4 1 rn 1 i i i l i 
applicable when the insulating wall is removed. The > 
olaien tee Me ates A tm epatr ge k 4] 0 4 - 12 16 20 24 2 32 36 
reaks in the curves, <1, parts (b and ¢), mark the DISTANCE FROM CENTER OF COUPLE, in. 
distances, h, along the A wXIS LO the insulating wall, | Itc t RE 14. Effect of the interference wall jig lo on the 
pote ntial lines surrounding the galvanic couple 
No wall, 135 ma: (b) With wall at A=6.85 in 135 ma: (c) With wall 
th=16.75 in.. 135 ma 


after which the radial distances from the couple 
center pertain to measurements made along the 
insulating wall. It will be noted that the wall has 
the effect of reducing the current density and hence 
the corresponding //?? drops along the A axis, as 
shown by the relative potentials in parts (a, b, and 
c) of the figures. Without external current (fig. 14), 
the potential along the ’/’ axis remains relatively 
uuaffeeted by the insulating wall, and with external 
current (fig. 15) the disturbance also seems to be a 
minimum along the /?/}’ axis, especially in the range 
from 3 to 6 diameters. That the insulating wall was 
really effective as a shield, aside from the data 
fitting appropriate equations, was the fact that when 
' the external current of 270 ma was applied to the 








ANODE, AUXILIARY ELECTROLYTE 
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A 
. gf couple, the maximum potential variation in- the 
| ct RE 133 } an view ( ylindr ca gaivanic cou pte hig 4 4 4 . 
and interference wa Rake ite in a one-tle nll normal cop pe space between the insulating wall and the shielded 
sulfate solution segment of the auxiliary anode was only 20 my. 
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4. Practical Application of the Geometric 
Relation 


4.1. General Considerations 


The preceding geometric considerations are ap- 
plicable in making potential measurements on struc- 
tures of similar configuration, such as underground 
horizontal cylindrical tanks and pipelines. In mak- 
ing the application to pipelines it is necessary to 
assume that most of the corrosion occurring on such 
lines can be attributed to local action and not to 
long-line currents. There is good evidence that such 
is the case. Based on current-flow calculations per- 
taining to nearly 13 miles of 10-inch pipeline, Scott 
[7] concluded that only 6 percent of the accountable 
total current appeared as long-line current. Scott 
considered most local action as resulting from cur- 
rent leaving the bottom of the pipe, where the soil 
is apt to be moist and deficient in oxygen, and en- 
tering the top of the line, where the adjacent soil 
tends to be less moist and more accessible to oxygen. 
It seems that this would be particularly true for 
large-diameter pipes where there is a considerable 
difference in soil cover from the top to the bottom 
of the pipe and where the weight of the pipeline, 
causing compression of the underlying soil, is also 
apt to be a factor. Also, further evidence is based 
on an analysis of other data, obtained by Scott in 
conjunction with the American Petroleum Institute 
pipe-coating tests, by Logan, Ewing, and Denison 
IS], who found a fair statistical correlation between 
the corrosion that occurred on bare sections of 
operating lines and the corrosion of short lengths of 
small-diameter pipe located nearby in the same 
trench. 


4.2. Location of Corrosive Areas 


Scott [7] discussed the value of pipe-to-soil poten- 
tials in disclosing large anodic or cathodic areas 
along a pipeline right-of-way and also as a way of 
predicting the general nature and probable extent 
of corrosion. He also gave a range of pipe-to-soil 
potentials for iron pipe as related to aeration of the 
soil, bacteriological ac tivity, and relative age of the 
pipe. 

Utilities [9, 10, 11] measure pipe-to-soil potentials 

» help in the detection of corrosive areas and in 
ie to decide what protective measures should be 
taken against soil corrosion. 

If, on large-diameter pipelines, corrosion circuits 
are visualized as existing in the geometrical sense, 
meni discussed, then a pipe-to-soil potential 
with the reference electrode placed directly over the 
line would not represent the corrosion or couple 
potential because the reference electrode would be 
within the electrical boundary. The error in the 
reading, assuming normal soil cover, would depend 
on the soil resistivity and the size of the pipeline. 
As the corrosion of ferrous materials in soils seems 
to take place under cathodic control [12], the posi- 
tioning of the reference electrode as a function of the 








pipe diameter, for example 4 to 6 diameters, would 
result in the measured potentials being relatively 


more significant 


4.3. Cathodic Protection 


According to relatively recent reports of the 
National Association of Corrosion Engineers and the 
American Gas Association [13, 14], the pipe-to-soil 
potential is the chief criterion for evaluating the 
adequacy of cathodic protection. <A reading of 
these reports leaves one with the impression that the 
positioning of the reference electrode ought to be 
done more discriminately. The Corrosion Commit- 
tee of the AGA revealed that utility companies, 
applying the —0.85 v (ref. Cu-CuSQO,) protective 
potential criterion to uncoated pipelines, placed the 
reference electrode at varying distances from their 
lines, some placing it directly over the line and others 
from 5 to 400 feet aw ay. These practices are not 
conducive to either economical protection for the 
one extreme or effective protection for the other. 
The bearing on costs due to such procedures was 
brought out in a study by Van Nouhuys [15] on 350 
miles of S-inch bare pipeline, wherein it was estimated 
that in applying the —0.85-v criterion, the cost for 
cathodic protection with the reference electrode 
directly over the pipe was more than four times 
that figured with the electrode positioned at an ex- 
treme distance 300 feet away from the line. 

The reason for the wpparent differences in the cur- 
rent required for the cathodic protection of a given 
bare pipeline can be illustrated by the laboratory 
data (fig. 12,b), in which the boundary potential, /, 
might be thought of as representing the generally 
accepted protective potential O85 v). The pre- 
assigned potential, he, ordinarily considered hecessary 
for complete protection, can be observed with the 
reference electrode at different distances from the 
center of the couple by changing the value of external] 
current, /. For example, to measure the potential, 
i, inside of the electrical boundary (4 to 6 diameters 
requires an increase in external current, and outside 
of the boundary a reduction of current is obviously 
necessary. The laboratory data might be considered 
ais applving, for example, to the cathodic protection 
of a long uncoated 12-inch pipeline receiving pro- 
tective current from remote ground beds. Potentials 
should be measured at intervals along the line con- 
sistent with usual practices, but with the reference 
electrode placed from 4 to 6 pipe diameters away 
Because of the shielding effect of the earth’s surface, 
the measurements should preferably be made in a 
horizontal plane through the center of the pipeline 
or at least in a plane somewhat below the earth’s sur- 
face. Referring to figure 12, it will be observed that 
some allowance, depending on the soil resistivity, 
should be made for /,/,, since the protective po- 
tential is actually based on E.. It should be pointed 
out that in other laboratory experiments, not dis- 
cussed, the value /,/, was found to be negligible 
for practical purposes when the evlindrical models 
were exposed to an electroly te consisting of a solu- 
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tion of sodium chloride in tap water having a resistiv- 
itv of 500 ohm-em or lower. 

If, in soils in which rR, cannot be neglected, po- 
tentials are measured at the electrical boundary, the 
potential —0.85 v might be satisfactory as a crite- 
rion for adjusting the current initially applied for 
cathodic protection. The condition for complete 
protection is expressed by eq (11), that ts, E | Oe 
[,R,, where (fig. 12) 


E,=e'.— 1%. (16) 


Although bright iron in contact with an air-free alka- 
line soil can have a potential, /,, as low as —0.85 v, 
with respect to a copper-copper sulfate electrode, 
the average open-circuit potential, /,, of the anodes 
on iron or steel field structures, because of the pH 
and aeration of the adjacent soil, is ordinarily con- 
siderably less negative than —0.85 v. If, after hav- 
ing applied a protective current from some time, for 
example, to a pipeline in a moderately high resistivity 
soil, the measured potentials, /, had drifted to values 
more negative than —0.85 v, then, protection would 
be indicated [16] and /,/?, probably compensated for. 


5. Summary 


The theoretical potential pattern in an electrolyte 
surrounding a pair of coupled line electrodes having 
different polarities is compared with the potential 
configuration around an infinitely long evlinder to 
which uniformly distributed direct current is flowing. 
By superimposing the coupled line electrodes longi- 
tudinally on the diameter of the cylinder, the effee- 
tive electrical boundary applicable to the combina- 
tion can be expressed geometrically. 

The location of the electrical boundary was con- 
firmed experimentally by comparing potentials meas- 
ured between model galvanic couples and a refer- 
ence electrode in a surrounding electrolyte with cal- 
culated boundary potentials which were based on 
the measured electrode surface potentials and electro- 
ly tic JR drops 

By using electrical insulating shields, the effects of 
nonuniformly distributed current on the potential 
patterns around the model galvanic couples were 
studied The position of the reference electrode, 
under such conditions of interference, which resulted 
in measured potentials having the most significance 
was arrived at) experimentally. The insulating 
shields simulated the effect of the cround surface on 
pipelines. 

The electrical relations observed with the labora- 
tory models are believed to apply during the normal 
corrosion and cathodic protection of bare underground 
pipelines. Therefore, as a result of these experi- 
ments, When making potential measurements, for ex- 
ample, pipe-to-soil, during line-conditioning surveys 
or when applving the protective potential criterion 
for cathodic protection, it is recommended that the 
reference electrode be placed 4 to 6 pipe diameters 
from the line, at some distance below the earth’s 
surface and preferably in an approximately hori- 
zontal position with respect to the pipeline. 
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Pore-Size Distribution in Collagen and Leather 
by the Porosimeter Method 


Robert R. Stromberg 


Che pore-size distribution in collagenous tissue and a number of leathers, in the range 
100 to 200GO0—A in radius, has been determined by means of a merecury-pressure porosimeter 
Che sources of error incurred in such measurements, the reliability of the measurements, 
and experimental and ‘actual’ pore-size distributions are considered. The geometry of 
the fine and gross structure of leather, and the process of water-vapor transmission through 
leather are interpreted from the data 


1. Introduction 


Collagenous tissue and the tanned product, 


leather, are natural polymeres that exhibit) many 
unique properties. Some of these properties are 
believed to arise from the character of the matrix 


that is formed in nature by the fibrous network 
For example, the enormous resistance to flexural 
fatigue exhibited by leather may be attributed to 
the ability of individual fibers reorient under 
thereby relieving the applied [1]! 
Microscopically, the void volume occurring 
between fibers is apparent. Permeability 
mersurements [2] and surface-area measurements 
(3, 4] have also provided substantiating evidence for 
a large pore volume 


to 
stress, stress 


Cross 


quite 


This paper describes initial results of an investi- 
vation of the macropore-size distribution in collagen 
and leather, encompassing pores from approximately 


100 to 2BOOOO A) radius With such information, 
additional understanding of the gross structure of 
collagen, such as the nature of the weave and the 


binding of the filaments, fibrils, primitive fibers, and 
fibers lo] would be provided insight into 
such) processes as water-vapor transmission and 
other of interest to leather technologists 
would also be provided 


SOTTLEC 


pp! OCESSES 


The method used in this study to measure pore 
size distributions is based on the relationship pointed 


out by Washburn [6], that certain pressures are re 
quired to force a nonwetting liqguid mercury) mto 
pores of certain radu. This equation ts 

id, ?%a cos 6, | 


where 7? is the pressure, ¢ is the pore radius, @ is the 
surface tension ol the liquid, nnd the 
angle between the liquid and solid. The average 
contact angle of 140° found by Ritter and Drake [7], 
and a surface tension of 480 dynes per centimel 
are used in this study 

\ eviindrical shape, having a circular cross section, 
is assumed for the pore. Constancy of surface ten- 
sion and contact angle also are assumed. For a given 
value of 7, there will be a unique value of P? leading 
characteristic curve. The following 
tubulation shows the size of pores that will be filled 


0 contact 


Is 


tou pressure 
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with mercury at different calculated 


from eq (1) 


pressures 


as 


a ’ 
ps 1 
50 21500 
100 10700 
5OO 2100 
1, OOO 1100 
10, OOO 100 


Ritter and Drake [7,8] developed the porosimeter 
method based on this relationship. Their method 
involved forcing a measured quantity of mercury 
under a known pressure into a previously prepared 
A distribution funetion, J(r), was 
Ritter and Drake as 


porous specimen 
defined by 
dV’ 


Dr) dr, 


~ 


where dV is the total volume of all pores of radii be 
tween rand r+dr. As the pressure rather than pore 
radius is measured, the relation given in eq (2 
written 


ean be 


Dir) =Pir(dV/dP) 3) 
The values of d\V/dp were obtained from the pressure 
curve by the method of secants. 

\n important source of error is involved in the 
assumption of a circular cross-sectional area used in 
the derivation of eq (1 Deviations from this as- 
sumed reometury will change the ratio of circumfer- 
ence to cross-sectional area and will affect the re 
lationship between P? andr. The use of eq (1) gives 
a figure for the pore-entrance radius, which may be 
quite different from that along the remainder of 
the pore. However, it is assumed that the general 
nature of the cross-sectional area will not vary from 
one hide to another, and that only the constant will 
be inerror. If this is so, the calculated radi will vary 
from the actual value of the radii by a constant factor, 
and only the absolute value of the radii will be in 
error, the relative values remaining unchanged. 
Intercomparisons of relative values should, therefore, 
be valid. 

The possibility exists that pressure differences may 
crush or otherwise distort the pore structure. How- 








ever, measurements are made at steady-state condi- 
tions, and by increasing the hydrostatic pressure in 
comparatively small increments, no appreciable pres- 
sure differences should develop. Juhola and Whig [9] 
demonstrated that at pressures up to 2,400 psi there 
was no destruction of pore structure in soft charcoals. 

Another possible source of error lies in the assump- 
tion that the contact angle and surface tension are 
not pressure dependent. Joyner, Barrett, and Skold 
[10] compared the results obtained by using a nitro- 
gen desorption isotherm [11] with the porosimeter 
method for bone chars, and obtained remarkable 
agreement, using a constant contact angle and sur- 
face tension. It appears, therefore, that this may not 
be a serious source of error. 

The values of the contact angle and surface tension 
used in eq (1) would be affected by the properties of 
the surface of the capillary pore walls and any con- 
tamination of the mercury surface. The exact values 
used here are uncertain. Although an error in the 
values used for the contact angle and surface tension 
would shift the pore-size distribution curve, it is 
reasonable to assume that for similar materials 
measured under similar conditions, valid intercom- 
parisons can be made. 


2. Materials Investigated 


The materials studied in this investigation are 
listed in table 1, along with the identity, thickness, 
and “dry” weight of each specimen. The thickness 
was measured with a standard dead-weight gage [12], 
and the dry weight was obtained after drying the 
specimens overnight in a forced-air oven maintained 
at 80° C. Specimens 3 to 8 were obtained from a 
small area of a central location of one bend of vege- 
table-tanned crust leather. Only the first grain and 
flesh splits and the center of the corium section were 
used. The degreasing was accomplished by extrac- 
tion with chloroform in a Soxhlet extraction appa- 
ratus. 

Specimen 9 was prepared by dehydrating the wet 


ry 
cowhide by a solvent-exchange process. The wet 
TABLE 1. Materials investigated 
opeci- jas Thick ry 
on Mate . me weight 
l Vegetable-tanned finished itl 0 e wath) 
2 Obtained fron ea adjoming spec ia 2. 414 
Degreased vegetable-tanned crust att sv 2. OK 
grain split 
‘ Obtained from area ad ning specimen 3 Ona ; 
Degreased vegetable-tanned crus leathe SY 0. SUS 
corium split 
Obtained from area adjoining specimen & OSU but 
Degreased etable-tanned crust leather Ot vt 
flesh split 
s Obtained from area adjoining specimen 7 06 1. 921 
; Corium split of raw hide, sample dehydrat 1H) 1. 722 
ed by solvent exchange process 
Corium split of raw hide, sample dehydrat- 147 72 
ed by solvent exchange proce rewetted 
and evaporated, 
Vegetable-tanned shardskin from sectior 200 2.7730 
slong backbone near head (Night Shark) 
2 Obtained from area adjoining specimen 11 0) 0.8742 
13 Vegetable-tanned sharkskin (Gata Shark 4 1. S35 
14 Air-dried kangaroo tail tendon 17, 4360 
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skin was immersed in acetone, split, immersed in 
alcohol, and finally reimmersed in acetone and al- 
lowed to evaporate at room temperature and at- 
mospheric conditions. Only the center portion of 
the corium was used. Specimen 10 was prepared 
by rewetting an adjoining portion of the hide pre- 
pared for specimen 9 and soaking it in water for a 
few hours. This rewet skin was then allowed to 
dry at room temperature. 

Specimens 11 and 12 were from a soft, pliable 
sample of sharkskin obtained from a section along 
the backbone and near the head of a Night Shark. 
Specimen 13 was a sample of hard industrial shark 
leather used for shark-tipped uppers. It was ob- 
tained from a Nurse (Gata) Shark. All three of 
these sharkskin specimens were vegetable tanned. 

Specimen 14 of of air-dried 
kangaroo tail tendon. 


consisted sections 


3. Apparatus and Procedure 


The experimental procedure consisted, essentially, 
in forcing a measurable quantity of mercury under 
a known pressure into a porous specimen. In gen- 
eral, the apparatus used is similar to that described 
by Ritter and Drake [7]. The specimen was placed 
in a calibrated glass dilatometer, illustrated in figure 
1. A glass ball was placed above the specimen to 
prevent scorching during the sealing of the chamber. 
Changes in resistance of a wire shunted by the mer- 
eury column in a capillary tube were used to deter- 
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mine the quantity of mercury forced into the speci- 
men. For this purpose a 0.127-mm, 70-percent- 
platinum—30-percent-iridium wire, recommended by 
Drake [13], was threaded into the capillary tube. 
The wire was clan.ped with the fastening nuts and 
stretched taut by adjusting the tension and locking 
nuts. 

The dilatometer was calibrated by measuring 
changes in resistance of the wire for weighed incre- 
ments of mercury metered out of the dilatometer 
through a stopcock to the evacuation tube. Straight 
lines were always obtained for these calibration 
curves, and duplicate calibrations demonstrated 
that using a new section of wire from the same spool 
did not significantly alter the calibration. 

After the specimen was sealed in, the dilatometer 
was attached to a high-vacuum system by means of 
the evacuation tube. The caps were placed in the 
cround-glass joints, and the system was evacuated at 
a pressure of 10°-° mm of mercury for more than 
thr. (In order to facilitate the removal of moisture, 
the specimens had been previously “dried” in open 
dishes overnight at 80° C in a forced-air oven.) The 
evacuation tube was then sealed off, separating the 
dilatometer, which was under vacuum, from the 
remainder of the system. The dilatometer was then 
filled with mercury by means of a stopcock. After 
filling the dilatometer with mercury, air was slowly 
admitted over the mercury columns through the 
stopcocks attached to the two caps, which were 
removed after this operation. The sizes of the speci- 
mens were, in general, so adjusted that the entire 
length of the dilatometer would be used in the pres- 
sure range studied. 

The filled dilatometer was placed in a polyethylene 
bag and inserted into the high-pressure vessel in the 
assembly illustrated in figure 2. The purpose of the 
polvethvlene bag was to contain any spilled mercury 
and prevent amalgamation of the steel under pres- 
sure [14]. 

One end of the resistance wire was silver-soldered 
to the insulated piano-wire lead taken through the 
cap of the vessel, and the other end was silver- 
soldered to a lead attached to the inner part of the 
vessel. After assembly, the apparatus was placed 
under a pressure of 50 psi and allowed to remain over- 
night before any measurements were carried out, in 
order to assure that equilibrium conditions of both 
temperature and mercury penetration were present. 
In the range below 50 psi, pressure measurements 
conducted without a specimen, but with mercury 
and a glass ball in the dilatometer, revealed an in- 
crease in resistance. This was probably the result 
of filling the capillary space between the glass ball 
and the wall of the dilatometer. For this reason, 
data obtained below 50 psi were not included. The 
measurements were carried out in a constant-tem- 
perature room maintained at 23° +2° C. Changes 
in resistance were measured by a calibrated G-—2 
Miieller bridge capable of producing measurements 
to 0.0001 ohm. 

Pressure was applied in small increments, using 
commercial quality compressed nitrogen (see fig. 2). 
When the maximum pressure obtainable from the 
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FIGURE 2. Schematic view of the assembled apparatus 


{. Copper washer. B. Bakelite washers. C. Rubber washers (GR-M 
1) rool steel silver-soldered to wire 
nitrogen cylinder had been attained, the entire 


system was filled with nitrogen at about 2,000-psi 
pressure. Higher pressures were attained through 
further compression of the gas by forcing oil into the 
gas reservoir with a high-pressure oil pump. The 
volume of the reservoir was such that at the maxi- 
mum pressure, oil did not flow over the top of the 
dilatometer and form an insulating layer between 
the mercury and the resistance wire. The pressure 
gages were of the Bourdon type and calibrated 
against a dead-weight gage. Three gages were used: 
the first covered the range 0 to 3800+1 psi; the 
second, 250 to 3,000 +10 psi: and the third, 2,500 
to 10,000 +50 psi. The pressures reported are the 
absolute pressures. 

Time intervals of the order of 1 hr, depending 
somewhat upon the nature of the specimen and the 
amount of pressure, were required for attainment of 
equilibrium after each change of pressure. These 
resistance changes were not caused by thermal 
effects alone, as temperature differentials observed 
bv shifting of the null point of the galvanometer 
were always dissipated in the course of a few minutes. 
This timelag was, therefore, attributed to the slow 
rate of penetration of mercury into the pores. 
Equilibrium was assumed after no change in resist- 
ance was detectable for periods of 15 to 30 min. 
This was checked in a few experiments in which no 
significant change in resistance was observed after 
an additional period of 88 hr. 
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4. Results and Discussion 
4.1. Pressure Curves 


Typical pressure curves are shown in figures 3 
and 4 Although all the pressure curves appear to 
be of the same general form, there are considerable 
differences, both in location and slope of the pressure 
eurves 
establishment of equilibrium seem to indicate that 
penetration is not a rapid, straightforward process, 
but follows a rather slow, intricate path to reach 
pores in the inner part of the specimen. After poros- 
imeter tests had been completed, the specimens had 
appearance throughout their entire cross 
indicating uniform distribution of — the 
throughout the thickness of the specimen 


a gray 
section, 
mereury 
block 
The hysteresis encountered when the pressure was 
decreased in regular increments and allowed to come 
to equilibrium at each step is also demonstrated in 
figures 3 and 4 At several stages in these experi- 
ments checks were made on the apparent 
librium by allowing the pressure to remain unchanged 
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The relatively long intervals necessary for 


volume was noted. The increased transverse pres- 
sures developed when a moving column of mercury 
flows past a constriction in the pore diameter or 
through the neck of an “ink-well” type of pore are 
probably a contributing factor in breaking the con- 
tinuitvy of the mercury column. Probably as a 
result of the large surface tension of mercury, it may 
be retained in pores of a radius smaller than would 
be indicated by the relation given in eq (1 


4.2. Distribution Curves 


Distribution curves are shown in figures 5, 6, 7, 8, 
9, and 10. The distribution curve appears to be 
characteristic for each tvpe of material. Specimens 
1 and 2 were obtained from closely adjoming sec 
tions of finished sole leather, and have essentially 
the same pore-size distribution (fig. 5 Large vari- 
ations are observed among the three splits reported 
(fig. 6 These split leathers were obtained from 
very closely adjoining areas and in some instances, 
actually from the same Over the greater 
part of the range covered, the grain split contains 
the greatest volume of pores of all sizes, whereas the 
corium split contains the least total volume. This 
is confirmed by observations made on the amount of 
polvisobutvlene (average molecular weight, 110,000 
deposited in leather with and without the grain 115} 


prece 


Specimen 9 was dehydrated by a solvent-exchange 
process, and specimen LO was rewet and dehydrated 
by allowing the water to evaporate at room tem- 
perature The difference between the two curves 
shown in figure 7 demonstrates that the solvent- 
exchange process leaves a more open but otherwise 
unchanged structure. The samples were different 
in physical appearance in that specimen 9 was soft 
and pliable and specimen 10, hard and inflexible 
Although displaced, the two curves are fairly parallel 
These observations are of interest for considerations 
of solvent-exchange drving techniques and freeze- 
drving experiments. The small differences observed 
between the distribution curves for specimen 9, the 
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corium split of rawhide prepared by a_ solvent- 
exchange process, and specimen 6, the corium split 
of tanned crust leather, indicate that the tanning 
process did not appreciably change the distribution 
of pore-size radii in the range 500 to 20000 A. 

Figure 8 shows curves obtained from sharkskin 
specimens 11, 12, and 13. Except for the maximum 
points, these curves are of the same general shapes as 
the distribution curves from the other specimens. 

The pore-size-distribution curve for kangaroo tail 
tendon for the range 18000 to 100 A in radius is 
given in figure 9. To make certain parts of the 
single curve more discernible, three different ordi- 
nate scales were used against a common abscissa. 
Part A represents the pore-size distribution from 
18000 to 1000 A; part B, from 800 to 350 A; and part 
C’, from 400 to 100 A. As with the other materials, 
a significant volume and number of pores are con- 
centrated in the size range 100 to 1000 A in radius. 
For example, in the case of kangaroo tail tendon 
(fig. 9), within the range 100 to 18000 A in pore 
radius, approximately 75 percent of the void volume 
was concentrated in pores ranging from 100 to 1000 
A in radius and approximately 50 percent in pores 
ranging from 100 to 350 A in radius. On the other 
hand, in the case of specimen 12, the flesh split of 
degreased vegetable crust leather (fig. 6), within 
the range 250 to 18000 A in pore radius, approxi- 
mately 14 percent of the void volume was associated 
with pores ranging from 250 to 1000 A in radius and 
approximately 5 percent, with pores ranging from 
250 to 500 A. 

All the distribution curves shown in 
through 9 show a tendency to coincide at pore radii 
smaller than 1000 A. This tendency increases with 
decreasing pore radi. It appears, therefore, that 
the majority of the volume occurrring in the range 
less than 1000 A in pore radius may be assigned 
to the inter- and intrafibril voids. The larger pores 
associated with the interfiber distances are probably 
much more dependent upon the source and previous 
history of the specimen than are the smaller pores 
associated with the inter- and intrafibril distances 
In the transmission of water vapor, the mechanism 
would involve the small pores associated with the 
fine structure only to the extent to which the are 
connected by the large pore network. The distri- 
bution of the large pore system, therefore, provides a 


figures 5 


limiting factor in the “activated diffusion’’ [16] of 


water vapor throughout the porous matrix. 


4.3. Evaluation of Precision of Distribution Curves 


A statistical analysis of the distribution curves 
was made from the viewpoint of reliabilitv. The 
equation used to determine standard deviations of 
selected points on the distribution curves was derived 
by applving the following principle [17]: 





If c—f(r.y.u, where z, y, and uw are statis- 
tically independent variables (see footnote 2), then 
2 Independent in the statistical sense, i. e., having independent error Ac 
tually, P and AP are not strictly independent However, both of these quar 
tities are read from curves that fit the data very well. Consequently, their 
recision is likely to be better than that of actual measurement ind tl 
ion of the variance is likely to overestimate the true error 
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Var (2)~(Of/0x)? Var (2) + (Of/Oy)* Var (y) 


Applving this to 
Dir) (AV/AP) P*{1 (26 cos 9)|, 
where P, AP, and AV are the independent variables 


(see footnote 2), vields 
») » ] 
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where op,,, equals the standard deviation of the 
D(r) values, P equals the pressure, and AP and AV 
are the changes in pressure and volume, respec- 
tively, taken from the pressure curve in order to 
obtain the slope. Estimates of op and o,, the stand- 
ard deviations of volume and pressure measurements, 
respectively, were obtained by assuming a rectan- 
gular distribution in the errors of P and V: 


(4) 


, (range of uncertainty in pressure measurements)? 
7 12 
, (range of uncertainty in volume measurements)? 
0; = 12 
The total pressure error was the largest interval of 
uncertainty involved in reading the pressure from 
the pressure curve. The total volume error was the 
largest interval of uncertainty involved in reading 
the volume of mercury from the pressure curve. 

Table 2 lists estimates of the standard deviations 
for points on the distribution curves. These points 
were picked to give values for various portions of 
the curve over the rather wide pressure range, as 
well as for areas where the curves were undergoing 
some type of change in curvature. 

The standard-deviation values should be regarded 
an “order of magnitude” rather than exact 
values. A smooth curve was drawn through the 
experimental data and used for the determination of 
the slope of the pressure curve. In some cases one 
value for ep, 1s given, whereas in others, two values 
are listed. In the latter case, the two values are 
based on two different evaluations of the slope, 
dV/dP, by approximating it by a secant over a 
small portion of the pressure curve in the neighbor- 
hood of the point in question, or by using a large 
portion of the curve for the drawing of the secant. 

If a small portion is used, the uncertainty of the 
estimated slope due to experimental error is larger; 
if a large portion is used, this uncertainty is smaller, 
but an additional possibility of error is introduced 
by the assumption that the curve is’ essentially 
straight over a larger range. In all cases, a value of 
Tp was computed on the basis of that value of the 
slope of the pressure curve used for the determination 
of D In where the pressure curve 
was visibly straight over a more extended region, a 
was based upon a slope estimate 


us as 


those cases 


second value of o), 
of the pressure curve over this larger range. Al- 
though the first estimate is more conservative, it is 


TABLE 2. Standard deviations of typical D(r) values 
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believed that in those cases where a second estimate 
was computed, the latter is more likely to represent 
the true “order of magnitude” of the error. 

The following specific conclusions concerning the 
distribution curves may be drawn from considering 
data: 

The op,,, values for specimen 1 demonstrate that 
the irregularities in the otherwise smooth curve are 
probably fluctuations due to experimental error and 
the only type of curve that is justified is a smooth 
one, as drawn in figure 5. Furthermore, although 
the uneertainty of the ordinate is considerably 
larger in the very small pore-size radii range, the 
slope of the curve is so large in this range that these 
pry Values will not affect its general shape but 
merely influence the largest values observed. This 
curve can, therefore, within these limits, be regarded 
as a true representation of the pore-size distribution 
of this type of leather. 

It is uncertain whether the flat portion of the 
distribution curve of the grain split of crust leather 
(specimen 4) shown in figure 6 occurring in the region 


the Oper 


of 5000-A pore radius is real or a result of experi- 
mental error. The shape of the curve in the region 
of the maxima and minima in the distribution curve 
of the flesh split (specimen 8) occurring in the vicin- 
ities of 500 and 2000 A, respectively, does appear 
to be real, however. There is some doubt concerning 
the real nature of the dip occurring in this sample at 
about 2500 A. With both the flesh and grain splits, 
the sharp fall in the curve at the very small pore- 
radii range appears to be real. Whether the maxima 
and minima observed in these curves are typical 
for the types of material represented by these 
samples or are peculiar only to the particular speci- 
mens under study is unknown. The general shape 
and locations of these curves are, however, regarded 
as typical of the type of materials represented by the 
samples. 

The pore-size distribution curve calculated from 
the decreasing pressure curve of a flesh split of de- 
greased crust leather, specimen 8, is shown in 
figure 10. Comparison is made with the distribution 
curve calculated from the increasing pressure curve 
for specimen 8. In comparing the two curves in 
figure 10, the assumption is made that the structure 
of the material with respect to the mercury is the 
same, whether mercury is being forced into or with- 
drawn from the material. Furthermore, it is also 
assumed that the contact angle is the same for 
increasing and decreasing pressures. Such assump- 
tions are necessary in view of the fact that no 
quantitative correction can be applied. The fact 
that the distribution curve obtained from decreasing 
pressure measurements does not retrace the distri- 
bution curve obtained from increasing pressure 
measurements may be partially accounted for by the 
known retention of mercury within the specimen 
after pressure had been reduced. From a measure- 
ment of the amount of mercury forced into specimen 
8 between 55 and 10,550 psi and the amount of 
mercury recovered upon reduction of pressure to 
49 psi, it appears that 0.217 ml of mercury per gram 
of specimen was retained. This amount was approxi- 
mately 40 percent of the pore volume explored 
between approximately 100 and 18,000 A in pore 
radius. Locations where this discrepancy is large, 
for example, the region of 750 A in pore radius, 
may be indications of significant numbers of pores 
with their entrances sealed off as a result of local 
nonhydrostatic pressure conditions. The discrep- 
ancies between these curves may also be indications 
of pores with entrance radii considerably different 
from the remainder of the pores (ink-well type pores). 
Some of the mercury retained as a result of either 
of the above causes probably is released at lower 
pressures. The crossing of the two curves in the 
region of 2,000 A in pore radius may be a result of 
the release of such a volume of mercury. The dis- 
tribution curve obtained from decreasing pressure 
measurements was extrapolated from 350 to 100 <A, 
because the measurement of the slope of the de- 
creasing pressure curve fell within the experimental 
error and 100 A corresponded to the maximum 
pressure attained. 








curves, 
show 


The values for the distribution 
representing specimens 9 and 10 in figure 7, 
that the smooth curves drawn are justified and that 
the displacement of the two curves is real. 

The sharp change in the direction of the distri- 
bution curve of specimen 12 shown in figure 8, 
occurring in the vicinity of 200 to 500 A in 
radius, may not be real. This same type of change 
in slope and direction of slope occurs for specimen 
13 and does appear to be real. It is possible that 
this tvpe of pore-size distribution curve is typical 
for sharkskin, although these experiments are too 
limited to permit such a conclusion. It will be 
observed that both these curves ver\ closely up- 
proach each other at very small pore-size radii 

The relatively small Tp values obtained for the 
distribution curve of kangaroo tail tendon, speci- 
men 14, would not significantly affect the general 
shape and location of the curve (fig. 9 Pore-size 


pore 


distribution curves obtained for three specimens of 


kangaroo tail tendon were completely reproducible. 


4.4. Comparison of “True’’ and Measured 
Distributions 


The pore-size distribution as measured by the 
porosimeter method may be compared with a mathe- 
matically random pore-size distribution in the man- 
ner of Mever [18] The porosimeter method may 
provide misleading information in the case of certain 
irregularities in the pore-size distribution. The so- 
called ink-well type of pore is an example where too 
small a portion of the pore volume is assigned to the 
large pores and too large a portion to the small pores 
From probability considerations, Mever [19] de- 
veloped the following expression to correct the 
porosimete! data in an attempt to find the true pore 
distribution 
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In these relationships, f is the porosity, 7 is the radius 
of pores that should be filled with mereury when the 
system is under a known pressure (eq (1)), A is the 
is the volume, and A?* is the volume 
This expression 


surface area, V 
of a pore, where A is a constant. 


relates the value obtained for the quantity of mereury 
injected into the specimen, T, to a value, 6, which 
would be anticipated from probability theory. 
This procedure can be applied to any predetermined 
number, 7, of pore radii. Comparison can then be 
made between the injected differential fraction, 
y, (existing between any two 7 values) and the cor- 
rected differential fraction, 0, (existing between the 
same two 7 values 

Several corrected differential fractions were, there- 
fore, calculated for samples that appeared to com- 
ply with the assumptions. The results are listed in 
table 3. Insofar as measurements were initiated on 
these samples at a pressure of 50 psi and a pore 
radius of 21000 A, a comparison with the measured 
differential fraction of the first 7 (pore radius at which 
comparison is made) value of the corrected differen- 
tial fraction is meaningless and this value merely 
serves as a base point. The first * value should, 
however, be an indication of the volume of pores 
starting measurements at 50 rather 
For example, a comparison of the 4 
injected differential fraction and 0 corrected 
differential fraction) values in table 3 shows that a 
larger pore volume appears to have been neglected 
for specimen 9 than for specimen 4. There are 
several instances where the values of y are larger 
than the corresponding values of 0. Such a result 
may mean that pores that have been measured in 
the pore-size range corresponding to the 7 value 
actually belong in a’ larger 
at a lower value of 7 lor 
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than at 0 psi 
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than the corresponding value of @. (0.16) for speci- 
men 4 may mean that some of the pores, constituting 
measured volume from which the differential 
fraction y. is obtained, actually should have been 
measured at a lower pressure and added to 4 The 
ink-well type of pore could be an example of such a 
pore. In the case of several 7 values for specimens 6 
and 9, the values of 0 approached zero, and are 
omitted from table 3 

One of the basic assumptions made in deriving 
\lever’s relationship was that a randomness of pore 
distribution exists. This appears to a valid 
assumption for a relatively thin split of leather or 
collagenous tissue. It not true for an unsplit 
piece of hide, as there appears to be considerable 
differences in pore-size distribution existing among 
the different splits (fig. 6). In the case of air-dried 
kangaroo tail tendon, where the fibers were highly 
oriented about a common axis, the application of this 
relationship gave meaningless results. Although 
these assumptions may not be completely valid for 
the materials studied here, they appear to be justi- 
fied as a first approximation. It should be pointed 
out, however, that this treatment must be applied 
to many more specimens and materials before the 
results obtained can be fully evaluated. 
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Collagen Pores Determined by Electron Microscopy 


Max Swerdlow and Robert R. Stromberg 


The existence and morphology of pores of the order of 150 A, in radius, within collagen 


fibrils is delineated. 


not exposed to mercury. 
electron microgaphs of individual fibrils 


Structural features of collagen from 
impregnated with mercury at a pressure of 10,800 psi., 
\ helical configuration of subfibrillar elements is suggested by the 
The possible 


air-dried kangaroo tail tendon, 
are compared with those of fibrils 


use of mercury under hydrostatic 


pressure as a technique in staining and preserving the structure of biological materials for 


electron microscopy is advanced. 


These findings constitute a visual confirmation of the 


presence and probable size of small pores deduced from theoretical considerations of pore- 
size distributions in collagen and leather, and provide additional information about the 
shape, location, and arrangement of such pores in collagen fibrils. 


1. Introduction 


Physical methods of characterization have demon- 
strated that, in general, native collagen from differ- 
ent animals and from different tissues (skin, tendon, 
bone, and other connective tissues) have, in common, 
a characteristic axial periodicity varying from 600 
to 675 A. Electron microscopy has provided direct 
visualization of still finer periodic structures within 
these periodic bands. Even though a comprehen- 
sive literature of collagen exists [1],' additional data 
and fundamental concepts concerning the morpho- 
gensis and basic structure are still being sought [2]. 
Recently, the structure of collagen has been amply 
reviewed and evaluated [38, 4,5, 5a]. X-ray diffraction 
data have been interpreted to suggest a helical con- 
figuration of the molecular polypeptide chains 
around a central axis [6, 7, 8]. These helices are 


considered to be discontinuous, and models have 
been suggested for the structure of parts of the 


collagen molecule. These models represent a scale 
at least an order of magnitude smaller than the 
subfibrillar elements observed in the electron 
microscope. 

A variety of terms have been used in describing 
the morphological components and the structures 
observed in the electron microscope and interpreted 
from X-ray diffraction data. The nomenclature 
and definitions used by Bear [3] have been generally 
adopted for this paper. The hypothetical thinnest 
filamentous unit, the protofibril, first suggested by 
Schmitt, Hall, and Jakus [9], represents the smallest 
coherent unit that carries the essential chemical and 
configurational structure of collagen. It has been 
suggested that the protofibril is no wider than a very 
few polypeptide chains (of the order 12 to 17 A in 
diameter). In the theoretical development, proto- 
fibrils combine to form the wider units observed in 
the electron microscope. The smallest structures 
presently resolved by means of electron microscopy 
have been termed filaments. (The thinnest are about 
50 A in diameter.) The larger fibrous structures 
observed in the electron microscope have been termed 
fibrils, each of which is of constant diameter, but 
varying in size from fibril to fibril (of the order 200 
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to 2000 A in diameter). These fibrils aggregate to 
form the much larger primitive fibers (2 to 10 yu 
in diameter). These in turn form fibers with diam- 
eters of 100 to 200 uw in tendon and 20 to 40 » in 
skin. 

The properties of leather are fundamentally 
related to the properties of collagen, which is the 
basic constituent of the tissue from which leather ts 
derived. Many of these properties are attributable, 
to a large extent, to the porous network within the 
fibrous matrix. For example, the ability of tan- 
ning agents or polymers [10] to impregnate raw 
hide and leather is directly related to this porous, 
structure. A previous study of the pore-size distri- 
butions in collagen and leather by the porosimeter 
method [11] resulted in two general conclusions that 
were applicable to all materials investigated: (1) 
mercury was retained within the capillary structure 
of the porous material, and (2) asignificant volume was 
concentrated in the small pore-size range, 100 to 
1000 A, in radius. It would be desirable to have 
direct visual evidence of the nature of such pores. 

The present electron microscopical investigation 
is, therefore, concerned primarily with the geometry 
of the collagen fibril insofar as it relates to the exist- 
ence of pores within the structure and to the location, 
size, and arrangement of such pores in collagen. 
For this purpose, kangaroo tail tendon was selected 
for study because it is considered to be similar to 
other mammalian collagen and is available in a 
relatively pure state. This material, selected from 
the variety of collagenous tissues for which pore- 
size distributions were obtained [1 1], offers additional 
advantages from the standpoint of its relatively 
large size and readily discernible structure. Al- 
though the data and interpretations obtained from 
the air-dried material chosen for this investigation 
may not be valid for collagen in the living state, it 
is believed that this material more nearly resembles 
the collagen in leather. 


2. Experimental Procedure 


In the porosimeter method [11], bulk pieces of 
air-dried kangaroo tail tendon were evacuated to a 
pressure of about 10-° mm of Hg, immersed in mer- 
cury, and subjected to hydrostatic pressures as high 
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figuration 
to the fibril 


pore sites, 


. Single palladium shadowed collagen fibril showing a left-handed helical con- 
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iXIs rhe opened, flattened structure demonstrates probable 


with mercury showing a preserved three-dimensional structure 
electron staining, 


[wo single palladium shadowed collagen fibrils after pressure impregnation 


ind heavy 








as 10,800 psi. Following this, the tendon was 


removed from the pressure vessel, cut into smaller 


preces, and beaten in clean tap water in an electric 
food blender for 10 min. The temperature of the 
water never exceeded 35° C. Other specimens of the 
air-dried tendon were not subjected to the mercury 
treatment, but were dispersed in the blender in the 
above manner. In addition, some of these specimens 
were treated with acetic acid. Enough acid was 
added to the water in the blender to make a l-percent 
solution, and the tendon was then given an additional 
minute of beating. 

Drops of the suspension were pipetted ont 
collodion-covered specimen screens and dried in 
room air (conditioned at 22° C and 50-percent 
relative humidity) The specimers selected for 
shadowcasting were evacuated toa pressure of about 
10°° mm of Hg or less. A calculated thickness of 
20 A of palladium was deposited in such a manner as 
to create shadows, the lengths of which were four 
times the altitude of the particle casting the shadows. 
The RCA type EMU-50kv electron microscope was 
used in this study. Electron optical magnifications 
of 10,000 diameters were used in recording the 
images. In the case of the shadowed specimens, 
negative prints were used in the figures illustrated, 
whereas in the case of the unshadowed specimens, 
positive prints were used. 


3. Results and Discussion 


The experimental procedure used for the prepe- 
ration of specimens for observation in the electron 
microscope resulted in a suitable dispersion of 
collagen fibrils. In the case of the kangaroo tail 
tendon not subjected to mercury at elevated pres- 
sures, some of the fibrils showed evidence of having 
been laid open, while in the seme preparation some 
of the fibrils showed no evidence of such disruption. 
Specimens treated with acetic acid always showed 
a considerable amount of extention and degradation 
In the case of the mercury-impregnated material, 
no evidence of an opened structure wes observed. 
The electron micrographs shown in figures 1 to 4 
have been selected to show the presence of probable 
pore sites occurring within the fibril structure 
Figure - A, represents a poorly dispersed group of 
collagen fibrils obtained from kangaroo tail tendon. 
Mercury probably would reach the pores existing 
between fibrils. These pores would most likely be 
of a larger order of magnitude than those existing 
within a single fibril. Figure 1, B, shows shadowed 
parts of two individual fibrils that heave the char- 
acteristic cross striations typical of collagen. Figure 
1, C, shows two pairs of fibrils exhibiting alternate 
registry of the cross striations. Parallel registry 
also is commonly observed. Figure l, 1), shows the 
fraving that often occurs at the ends of fibrils. 

The single fibrils in figure 2 appear to have been 
opened and somewhat disrupted. With the exception 
of figure 2, D, which was treated with acetic acid, 
the treatment was no different for these specimens 
than for those illustrated in figure 1. A left-handed 
or right-handed helical configuration seems to be 


indicated in these micrographs. The helix axis is the 
fibril axis, and the helix angle is approximately 72 

In other words, the helical elements, as viewed in 
the micrographs, make an angle of approximately 
IS° with respect to the longitudinal axis of the 
fibril. Figure 2, A, exhibits a left-handed helical 
structure; 2, B, shows three individual, opened fibrils 
with a right-hended helical structure. The cross- 
hatching in figures 2, C, and 2, D, is indicative of 
an opened and collapsed helical structure in which 
the upper and lower elements may be seen. No 
special significance can be given to helix direction, 
inasmuch as approximetely an equal number of 
occurrences of left-handedness and right-handedness 
was observed. The electron micrographs published 
by other workers concerned with the microstructure 
of collagen, for example [4, p. 235; 12; 13, p. 204; 14; 
15, p. 107], also indicate a formation that could be 
interpreted as an opened, flattened, helical structure. 


The possibility that the helices observed are 
artifacts resulting from the method of dispersing 
the individual fibrils appears to be unlikely, as no 
single preferred helical direction was produced by 
the blender. As was pointed out in section 1, on 
the basis of X-ray evidence, helical configurations 
have been proposed for the structure of the collagen 
molecule. Acknowledging the possibility that the 
helical configuration may result from the drying-out 
process in the method of mounting the specimen, 
end realizing that the helical structures described 
for the molecule are at least an order of magnitude 
smaller than those observed in the electron micro- 
graphs, it is still possible that the inherent configur- 
ation of the molecule is reflected in the larger sub- 
fibrillar structures observed in’ these microgra plis 
and that these helical formations are real. 

The disrupted, opened structure of fibrils seen in 
figure 2, nevertheless, suggests evidence that pores 
exist within the fibril structure. The distorted 
structures observed in these opened fibrils do not 
permit a delineation of the shape and size of these 
pores, but demonstrate the existence of probable 
pore sites in the undistorted structure. Examina- 
tion of the mercury-impregnated material provides 
additional information about the location, size, and 
arrangement of these pores (fig. 3). Figure 3, A, 
illustrates a single, unshadowed collagen fibril that 
has had no contact with mercury. The incidental 
particles of debris associated with the preparation 
have a random configuration. When kangaroo tail 
tendon was placed in water containing a drop of 
mercury and dispersed in the blender for 10 min., 
none of the collagen fibrils showed evidence of 
mereury impregnation. The mercury appeared as 
small droplets in the background, and any assocla- 
tion with the collagen was random. The pair of 
fibrils shown in figure od, B, have been subjected to 
mercury under hydrostatic pressure and show the 
fibrils to be partially stained and structurally pre- 
served. There is no apparent opening or disruption 
of the fibrils. There is, moreover, a regular lodg- 
ment of electron optically opaque material, pre- 
sumably mercury or a compound of mercury. 
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These denser spots are arranged in a more or less 
periodic fashion. Figures 3, C, and 38, D, show 
similarly treated kangaroo tail tendon, where the 
individual fibrils do not show the same degree of 
staining as those in figure 3, B. The spots of 
mercury, however, are seen in better contrast and 
exhibit a distribution similar to that observed in 
figure 3, B. 

An enlarged view of a section of figure 3, D, is 
shown in figure 4, A. Although no direct com- 
parisons can be made, examination of the helical 
fibrillar structure seen in figure 4, B, shows many 
probable pore sites across and along the helix. The 
number of spots in a given row across the fibril 
seen in figure 4, A, is considerably less. This may be 
accounted for in two ways. Many of the pore sites 
seen in figure 4, B, are probably considerably smaller 
in radius than 100 A in the unopened state. Within 
the limits of the apparatus and procedure used in the 
porosimeter method [11], the maximum pressures 
that could be obtained would theoretically penetrate 
evlindrical pores down to only 100 A in radius. It 
is also expected that some of the mercury might be 
dislodged when the pressure was released and also 
in the subsequent treatment during specimen prepa- 
ration. If parallel lines were ruled across the fibril 
axis connecting these spots, in figure 4, A, one 
would be about 1000 A apart, with a helix angle of 
about 9 The characteristic striations ob- 
served in collagen, figure 1, B, also show this same 
helix angle. Another set of lines following a helical 
path about the fibril axis would be about 750 A 
apart and make a helix angle of about 72°. This is 
the same value obtained for the helix angle in the 
case of the opened, disrupted fibrils not impregnated 
with mercury. The individual spots are of the order 
of 250 A in width and 350 A in length, the longer 
dimension being parallel to the fibril axis. For a 
comparison with the circular cross section of the 
pore assumed for calculating the distribution curve 
for kangaroo tail tendon (11), these dimensions 
would average out to a radius of the order of 150 A. 

Analysis of the pore-size distributions in kangaroo 
tail tendon, as well as in the finished sole leather, 
splits of crust leather, rawhide, and sharkskin showed 
that a significant volume and number of pores were 
concentrated in the small pore-size range, 100 
1000 A, in radius. It would appear then that these 
micrographs provide a visual experimental confirma- 
tion of the existence and probable size of pores in 
collagen fibrils, deduced from theoretical considera- 
distributions obtained from  porosimeter 
measurements on collagen and leather [11]. Addi- 
tional information about the shape, location, and 
arrangement of such pores is also provided. 

Observation of the location of the denser spots in 
figure 4, A, indicates that some of the mercury is 
lodged in the peripheral surface of the fibril. The 
fact that some spots appear more opaque than others 
may be a result of the additional scattering caused by 
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the fibril in the transmission of the electron beam. 
The darker spots represent areas where the electron 
beam had already penetrated the fibril and received 
little additional scattering from the collagen after 
encountering a discrete mass of mercury. 

The variations in opaqueness to the electron beam 
also may be a result of variations in the thicknesses of 
the masses of mercury. From the electron micro- 
graphs, no conclusive evidence may be obtained as 
to how far the mercury has penetrated within the 
fibril. Information obtained from  shadow-cast 
mercury-impregnated fibrils, figure 4, C, indicates 
that the masses did not protrude to any observable 
extent. 

No ideal single procedure for fixing and staining 
has been found that provides optimum preservation 
of all features found in biological material. The 
fixatives and stains that have been so universally 
accepted for use in light microscopy are not, in gen- 
eral, satisfactory for use in electron microscopy. 
Contrast in light microscopy depends upon the 
selective absorption and transmission of chemically 
stained histological features. Electron microscopy 
develops image contrast that depends largely upon 
differential electron scattering produced by varia- 
tions in the thickness and density of the object. 
Among the important variables employed in the 
accepted procedures for staining and fixing are 
chemical composition, concentration, pH, exposure 
time, and to a lesser extent, variation of temperature. 
For example, buffered osmium solutions or vapor 
and aqueous solutions of formaldehyde have been 
used with considerable success in the electron mi- 
croscopy of biological material. 

From the evidence observed in the unshadowed 
and shadowed collagen fibrils of kangaroo tail tendon 
exposed to mercury at a pressure of 10,800 psi, it 
appears that a considerable degree of staining without 
undue distortion of the characteristic structure of 
collagen has been attained. The shadow lengths in 
figure 4, D, demonstrate that the three-dimensional 
structure of the collagen fibril apparently has been 
preserved. The opaqueness of the individual collagen 
fibrils the electron beam apparent in 
figures 4, A, and 4, D. This suggests that hydro- 
static pressure may possibly be another important 
variable in the processes of staining and fixing ma- 
terials for electron microscopy. It offers a potential 
advantage in producing physical embedment of 
liquid substances, apparently without undue struc- 
tural distortion, 
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Effect of Low Temperatures on the Mechanical 


Properties of a Commercially Pure Titanium’ 
Glenn W. Geil and Nesbit L. Carwile 


Notched and unnotched tensile specimens of annealed commercially pure titanium were 
slowly strained to fracture in single-stage tests at 196 100° C. Unnotched tensile 
specimens also were strained in two-stage tests (strained at one temperature until just after 
the maximum load was reached and then strained to fracture at a different temperature) to 
reveal the effect of prior-strain—temperature history on the tensile properties of the titanium 
Impact tests were made on Charpy V-notch specimens at — 196° to +200° C for a determina- 
tion of the impact notch-toughness of the metal, True-stress—true-strain relations were 
determined for the titanium in tension, and a study was made of the effects of test temperature 


to 


and the stress distribution on the rates of work-hardening of the metal, 


1. Introduction 


A study of some of the mechanical properties of 
one heat of annealed commercially pure titanium 
has been made as a part of a comprehensive program 
to evaluate the fundamental factors affecting the 
deformation of metals. This study was made to 
determine the effect of low temperatures on the 
tensile and impact properties and the true-stress 
true-strain relations for this metal in tension. The 
experimental program included tests as follows: (1) 
Single-stage tension tests on both notched and un- 
notched specimens of circular cross section at — 196 
to + 100° C, (2) two-stage tension tests on unnotched 
specimens (specimens strained at one temperature 
until just after the maximum load was reached and 
then strained to fracture at a different temperature ) 
and (3) impact tests on Charpy V-notch specimens 
at 196° to +-300° C 

Published data on the tensile properties and the 
true-stress-true-strain relations for titanium in ten- 
sion at low temperatures are very limited. Spretnak, 
Fontana, and Brooks [1] *? and Fontana, Bishop, and 
Spretnak [2] reported an increase in the strength of 
hot-swaged titanium (chemical composition was not 
reported), accompanied by a general decrease in 
elongation and reduction of area as the test tempera- 
ture was decreased within the range +-25° to —253 
C. Rosi and Perkins [3], in a study of some of the 
tensile properties and strain-aging characteristics of 
a heat of annealed commercially pure titanium at 

196° to +652° C, also observed a general trend of 
a decrease in ductility (elongation and reduction of 
area Values) with decrease in test temperature. 


2. Material and Test Procedures 
2.1. Material 


All test specimens were prepared from three bars 
processed from the same heat of commercially pure 
by transfer funds made available by the Depart- 
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titanium (ASTM Designation B265—-52T, grade 2 
The bars were supplied in the form of %-in. rounds 
in the hot-rolled and annealed condition; the bars 
were fine grained (fig. 1). The impurities (numerical 
values are in percent by weight) determined * in the 
titanium were as follows: Oxygen, 0.07; nitrogen, 
0.02; hydrogen, 0.0065; carbon, 0.02; silicon, 0.02; 
iron, M; manganese, V. W.; tin, W; copper, T; 
nickel, V.W.; tungsten, not determined.* 


2.2. Specimens 


Each unnotched tensile specimen had a 2-in. gage 
length and a diameter of 0.40 in. at the midsection of 
the gage length. The reduced section was slightly 
tapered, so that the diameter was about 0.008 in. 
greater at the ends of the gage length. The speci- 
mens were finished to the final dimensions by grind- 
ing and polishing in the axial direction to eliminate 
the possibility of any circumferential tool marks. 
The ends of the specimens were machined with % 
in. <11 threads, and the shoulder fillets were ma- 
chined to a radius of 0.75 in. 

Kach notched tensile specimen, on the other hand, 
had a 2-in. reduced section of 0.45-in. diameter and 
a circumferential V-notch of 60-degree angle and 
0.01-in. root radius at the midpoint of the reduced 
section. One series of notched specimens was pre- 
pared with relatively shallow notches of 0.025-in. 
depth (minimum diameter of specimen at root of 
notch equal to 0.400 in.). A second series of notched 
specimens was prepared with relatively deep notches 
of 0.125-in. depth (minimum diameter of specimen 
at root of notch equal to 0.200 in.). 

For the impact tests, standard Charpy V-notch 
specimens were prepared from one of the %-in.- 
diameter bars. 


Chemical-analysis determinations for nitrogen, carbon, and silicon were made 
by the Analytical Chemistry Section of the NBS. Vacuum-fusion determina 
tions for oxygen and hydrogen were made at the Naval Research Laboratory bv 
the method developed by D. I. Walter [4]. The spectrographic-analysis deter- 
minations for iron, manganese, tin, copper, and nickel were made by the Spectro- 
chemistry Section of the NBS. In general, M denotes moderate (0.1 to 1.0°% 
W denotes weak (0.01 to 0.1% V.W. denotes very weak (0.001 to 0.01%), and 
I denotes trace (0.60001 to 0.001 

‘ The spectrographic method used was not sensitive enough for determination 
of tungster 
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2.3. Methods 


In the single-stage tension tests at 196" to 
100° C, with notched and unnotched specimens, 
the specimens were extended slowly with the de- 
formation rate maintained at about 0.5- to 1.0-per- 
cent reduction in area per minute during the defor- 
mation bevond initial vielding. The specimens, 
except those tested at room termperature, were 
extended to fracture while completely immersed in 
an appropriate ervogenic bath maintained at the 
selected temperature. The specimens were im- 
mersed in the bath for a period of 30 min prior to 
the application of load. The minimum diameter of 
the specimen was measured to an accuracy of 0.000] 
in. during the test by means of a specially designed 
gage [5]. Simultaneous load and diameter measure- 
ments were made throughout each tension test A 
detailed description of the testing equipment and 
the method of maintaining the selected temperature 
is given in previous publications [5, 6] 
In the tests, the 
tensile specimen Was strained at one temperature 
until just after the maximum load was reached and 
then strained to fracture at a different temperature 
Jetween the two stages of the test, the load was 
removed and the specimen was maintamed at the 
lower of the two testing temperatures in order to 
minimize any strain-aging that might occur during 
this period The second stage of the test was begun 
approximately 30 min after completion of the first 
The rest of the test procedure was the same 


two-stage tension unnotehed 


stage 
as that for the single-stage tests 
The notcehed-bar impact tests were carried out at 
196° to + 300° C in a Charpy machine of 224.1- 
ft-lb capacity witha striking velocity of 16.85 ft/sec 
The specimens, except the ones tested at mo 
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nealed commercially pure titanium. 


SO parts of water 1, * 100, vertical ilhaminatior B, =x 1.000, oblique ilu 


were immersed in a bath at the desired temperature 
for a minimum period of 30 min and then quickly 
transferred to the impact machine and broken. The 
total time elapsing between the removal from the 
bath and the breaking of the specimen ranged from 
about 3 to 4 see, and there was no significant change 
in the temperature of the specimen, 


3. Results and Discussion 
3.1. Tensile Data 


Some of the tensile properties of this heat of 
commercially pure titanium, as determined on both 
notched and unnotched specimens deformed slowly 
In tension at 196° to 100° C, are given in table 1 

No vield points were observed in any of the tension 
tests Determinations of vield strength based on 
Q.l- or 0).2-percent offset values were not made 
because the data for stress-strain curves could not 
be obtained directly with the testing equipment 
However, an approximation of the vield strength of 
the specimens at the different temperatures is given 
in table | as the true stress at a true strain clastic 
plus plastic) of 0.01 

The true-stress, true-strain, and reduction-in-area 
values at the initiation of fracture reported in table 1 
were determined from the load and diametet readings 
obtained during the test The values of reduction 
of area, determined from measurements made on the 
unnotched tensile specimens after complete fracture, 
are not significantly different from reduction-in-area 
values for the initiation of the facture. These data 


True stress Was determined by dividing the current load V the curr 


mum cros ctional area of the specimen Phe true strain Was determined a 
the natural logarithm of the {t 
wclmelr 1 to the current minimum cro ectional area 1 


TABLE 1 Tensile properties of annealed commerciall pure titanium at different temperatures 
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indicate that the metal at the periphery of the necked 
did not extend longitudinally or contract 
radially to any appreciable extent, as the fracture 
crack propagated rapidly from the axis to the pe- 
riphery of the specimen 

Reduction-of-area 


section 


values are not reported for 
the tension tests on notched specimens as measure- 
ments of the minimum diameter of the notched speci- 
mens after complete fracture could not be made with 
sufficient accuracy to warrant presentation, \lore- 
over, as the ductility of the titanium is reduced when 
subjected to test conditions of multiaxial stresses and 
stress concentrations and gradients, such those 
induced by the geometry of the notch, any contrac- 
tion of the specimen during the rapid propagation of 
the fracture crack apparently would be negligible. 
Thus, it believed that the reduction-in-area 
values for the notched specimens at the initiation of 
fracture and at complete fracture are approximately 
equal 
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3.2. Tensile Tests on Unnotched Specimens 


a. True-Stress—True-Strain Relations and Work-Hardening 
Characteristics 


Representative true-stress-true-strain relations 
obtained for single-stage tension, tests on unnotched 
specimens at 196 150 78 24° and 

100° C are presented in figure 2. As the stress 
pattern across the necked section of a specimen is not 
uniform but varies considerably from the axis to the 
periphery, the true-stress values beyond the maxi- 
mum load are only average values of the axial tensile 
No significant variations in the tensile 
properties were observed for the specimens prepared 
from the three different bars and tested at the same 
selected temperature (+24° C). The true-stress 
true-strain values obtained on the different specimens 
show only a slight deviation from the curve repre- 
senting the average values. The influence of tem- 
perature on the true-stress-true-strain relationship 
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is relatively large for the commercially pure titanium, 
as evidenced by the increase in the height of the 
curve the temperature lowered. The initial 
resistance of the metal to plastic flow is increased 
greatly with decrease in temperature, being more 
than twice as great at 196° CC ut LOO? ©, 
Moreover, the rate of work-hardening ° of the titani- 
um generally increases with decrease in the tempera- 
ture. 

It has often been postulated that the relationship 
between true stress and true strain for metals de- 
formed in tension may be represented by o=66", in 
which 6 and are constants characteristic of the 
material. The exponent m is generally designated 
as the strain-hardening exponent. According to this 
relationship, the true-stress—true-strain data plotted 
to logarithmic scales should conform to a straight 
line drawn through the maximum-load point, with 
the slope of the line equal to m, which ts also equal 
to the true strain at maximum load. 

Logarithmic graphs of the true-stress—true-strain 
data for some of the tension tests made on unnotched 
specimens of the annealed commercially pure ti- 
tanium are shown in figure 3. The curves, in gen- 
eral, are sigmodial in shape. The data do not con- 
form to the broken straight lines drawn through the 
maximum-load points with slopes equal to the true 
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Work-hardening was determined as the increase in true stress, ¢, with true 
rain, 6 If strain-aging or recovery occurs during the tension test, the work 
hardening is the combined effect of these factors and the ordinary strain-harder 
ing, and for strains beyond that at the maximum load, the effect of the induced 
triaxial stres vstem rhe rate of work-hardening, do/dé, at any strain is tl 


lope of the true-stress-true-strain curve at that strain 
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ry 
strains at maximum load. Thus, no truly repre- 


sentative values for strain-hardening exponents, 
such as m of the above equation, can be established 
from these data. Similar results, also indicating 
nonconformity to this relationship, were obtained in 
tests on other metals [6, 7]. 

The variations in the rate of work-hardening of 
the unnotched specimens of titanium with true strain 
at 196 150 78°, +24°, and 100° © are 
summarized in figure 4. At small true strains (0.02 
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the work-hardening and te m perature of unnotched spec~mens 


of the titanium. 


to 0.03) the rates of work-hardening of the specimens 
deformed different temperatures were about the 
sume. In general, the rate of work-hardening of the 


metal decreased with increase in true strain. The 
rapidity of this decrease, for loads up to the maxi- 
mum, was much less at 196° C than at higher 


temperatures. However, the decrease in the rate of 
work-hardening with increase in the true strain be- 
vond that at maximum load was much greater for 
the specimens extended 196° C than for those 
extended at higher temperatures. The reversals in 
the curves at a true strain of approximately 0.2 for 
the specimens extended at 196° © and approxi- 
mately 0.4 for the specimen at —150° C are indica- 
tive of the occurrence a different mechanism of 
deformation or a phase change accompanying the 
plastic deformation. 

In general, the rate of work-hardening increased 
with decrease in temperature except for small true 
strains, such as 0.083. At the relatively small true 
strain of 0.03, the rate of work-hardening was high 
(approximately, 300,000 lb/in.*) and was apparently 
independent of the testing temperature. With in- 
crease in true strain above 0.03 to fracture, the rate 
of work-hardening was highly dependent upon the 
temperature; at corresponding true strains of 0.1 and 
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greater, the rates of work-hardening of specimens 
deformed at —196° C were about three and one-half 
times as great as those of the specimen deformed at 

100° C. However, no simple quantitative rela- 
tionship was observed between the rate of work- 
hardening at corresponding true strains and the tem- 
perature of deformation. 

The relations between temperature and the work- 
hardening accompanying the deformation of the un- 


notched specimens from a true strain of 0.0L to 
selected true strains ranging from 0.05 to O.8, are 
depicted in figure 5. Curve A for a small deforma- 
tion, true strain 0.01 to 0.05, shows no significant 


dependence of the work-hardening on temperature. 
Howe - r, with further increase in true strain, curves 
B to J, the work-hardening is dependent upon the 
temperature. During deformation from a true strain 
of 0.01 to 0.6 (curve H) it is nearly three times as 
great at 196° C as at 100° C 


b. Influence of Temperature on Tensile Properties 


The influence of temperature on the tensile strength 
and the true stresses at a true strain of 0.01, at maxi- 
mum load, and at initial fracture of the unnotched 
specimens of the titanium is depicted in figure 6. 
Kach of these increases as the temperature is lowered; 
the value of each at the temperature of —196° C is 
more than twice the corresponding value at +- 100° C. 

An approximate conformity to linear graphs was 
obtained for most true strains when the true stresses 
at a given true strain were plotted to a logarithmic 
scale against the temperature (fig. These data 
indicate that the relation between the true stress at 
a constant true strain, oscconstants and the temperature 
may be approximately represented by the exponential 


7). 


relationship os-constant—=<1e “7, where 7 is the abso- 
lute temperature, and & and A are constant for a 
given true strain, but vary with the strain of the 
metal. However, further experimental verification 


in tension tests on other metals and on other heats 
of titanium is needed before this relationship can be 
established as a fundamental rheological relation. — It 
assumed that this relation would be valid only 
over a range of temperature in which no major change 
occurs in the mechanism of deformation. 

An apparent change in the mechanism of deforma- 
tion of the titanium at relatively large true strains 
during extension at —196° C and to a lesser degree 
at —150° C was indicated by the reversals in curva- 
ture in the rate of work-hardening versus true-strain 
curves (fig. 4) for —196° and —150° C, The data 
points in figure 7 for strains beyond these reversals 
are connected with the other data points by broken 


Is 


lines. These values were progressively higher with 
increase in true strain than the values indicated by 


the apparent exponential relationship. 

Rosi and Perkins [3] have reported that com- 
mercially pure titanium exhibits strain-aging phe- 
nomena at temperatures from 2 to +652° C, 
with the maximum degree of strain-aging occurring 
at about 230° C. Thus, the occurrence of a small 
degree of strain-aging of the titanium was to be 
expected during the initial stages of the deformation 
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the present investigation. The effect of strain-aging 


and the accompanying change in the mechanism of 


deformation ts revealed by slightly higher true-stress 
values at true of 0.02 0.05 than those 
conforming to the linear graphs (fig. 7). 

The change in ductility of the unnotched specimens 
of the titanium with temperature is shown in figure 8 
The ductility at maximum load and at fracture 
generally increased with decrease in temperature 
The reduction in area at maximum load for speci 
mens extended at temperatures ol 100 24°, and 

78° C did not vary greatly. However, it increased 
vreatly as the tempeature was lowered below —7S 
C) and 196° © it was about three times 
vreat as that at 100° ©. On the other hand 
appreciable decrease in the reduction of area was 
observed as the tempeature was lowered from 150 
to —196° C, due to the relatively small amount of 
deformation that accompanied the necking of the 
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specimen. Thus, lowering the temperature from 
78° to 150° or —196° © greatly increased the 

ductility of the titanium when subjected to uniaxial 

tension, Whereas lowering the temperature from 
150° to 196° © reduced the duetility of the 
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titanium when subjected to moderate multiaxial 
stresses, such as those induced by the necking of the 
specimen. The temperature of — 196° C apparently 
was within a transition-temperature range ‘ for the 
titanium when subjected to these multiaxial stresses 
The necked of the specimen may be 
sidered usu relatively shallow und large angle noteh 
The transition-temperature expected 
rise with an increase in the depth and sharpness ol 
the notch. This effect is discussed in more detail in 


section con 


Is to 


connection with the results obtained on notched 
specimens, 
The data obtained in the present investigation 


exhibiting a general increase in the ductility of the 
titanium the temperature lowered, hot 
conform to trends reported in some othe mvestivu 
tions [1, 2, 3] on the tensile properties of unnotched 
specimens of commercially pure titanium; in those 
with 
Sone 


is Is does 


Investigations a general decrease in ductility 
lowermg of the temperature was reported 

data representative of those reported by Rost and 
Perkins 3] are also presented in figure S This 
difference in the effeet of the temperature on the 
behavior of the two different heats of titanium may 
largely be due differences im the impurities, 
especially in the amount of nitrogen and hydrogen 
The nitrogen content of the heat used by Rosi and 
Perkins was reported as 0.08 percent, whereas that 
of the heat used in the present investigation is O.02 


to 


percent Moreover, the hydrogen content of the 
latter was very low, being only 0.0065 percent 
Studies of the influence of the elements. carbon 


OXVven, and nitrogen on the tensile properties ol 
high-purity titanium [S, 9} have indicated that 
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broeurReS Effect of temperature on various ductility indices for 
innotched tensile 


nealed commercia / 


pecimens trom two different heats of an- 


pure titanium, 


nitrogen is the most effective of these elements in 
decreasing the ductility of the high-purity metal at 
room temperature. Thus, it appears reasonable to 
expect that an increase in the nitrogen content of 
commercially pure titanium would decrease the duc- 
tility and raise the transition-temperature range of 
the metal. 


c. Influence of Prior-Strain-Temperature History on True-Stress 
True-Strain Relations 

Specimens of commercially pure titanium were 
extended in two-stage tensile reveal the 
effect. of prior-strain-temperature history on the 
tensile properties and deformation characteristics 
of the metal. Only three specimens were available 
for these tests. The true-stress-true-strain data 
obtained in this study are summarized in figure 9. 

One specimen was extended in the first stage of 
test at + 24° C to a true strain (0.15) just beyond 
that at the maximum load and subsequently eX- 
tended to fracture in the second stage of test at 


tests to 


196° © The curve for the second stage of this 
test lies considerably below that for a single-stage 
test at 196° ©. The work-hardening of the 
specimen during the first stage of extension at 
24° © was much less than that of a specimen 


extended to the same true strain at 196° C ina 
single-stage test. It should be noted that, although 
the specimen had been loaded slightly beyond the 
maximum load in the first stage of test at + 24° C, 
the maximum load in the second stage of test at 

196° C was only attained after an additional true 
strain of 0.32 (total true strain of 0.47). Moreover, 
the total true strain to fracture (0.92) was con- 
siderably greater than that (0.78) of a specimen 
extended at 196° C in a single-stage tension test. 

The second specimeh Was extended in the first 
stage of test at 196° C to a true strain (0.45) 
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slightly greater than that at the maximum load, 
and then extended to fracture in the second stage of 
test at +24° C. The curve for the second stage of 
this test lies considerably above the curve for a 
single-stage test at +24° CC. This clearly reveals 
the effects of structural changes and the greater 
rates of work-hardening at — 196° C than at + 24° C, 
The total true strain of this specimen (1.07) was 
much greater than that (0.69) of a specimen extended 
to fracture at + 24° C in a single-stage tension test. 
Moreover, the true stress at initial fracture of this 
specimen Was about 33 percent greater than that of 
a specimen extended in a single-stage test at +-24° ©, 
(170,000 and 128,000 Ib/in.*, respectively). 

The third specimen was extended in the first stage 
of test at 78° © to a true strain (0.15) slightly 
greater than that at the maximum load, and then 
extended to fracture in the second stage of test at 

24°C. The curve for the second stage of this test 
lies close to that for a single-stage test at + 24° C, 
This indicates that the structural changes and work- 
hardening during the extension in the first stage of 
test at —78° C were approximately similar to those 
occurring during the corresponding extension of a 
specimen at +-24° C, 


3.3. Tensile Tests on Notched Specimens 


a. True-Stress-True-Strain Relations and Work-Hardening 
Characteristics 


The true-stress-true-strain relations obtained for 
single-stage tension tests at 196°, 78°, +24”, 
and + 100° C on the circumferentially notched speci- 
mens of circular cross section are presented in figure 
10. Three of the main features exhibited in these 
data are (1) the relatively small true strains to initial 
fracture of the notched specimens as compared to 
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those for unnotched specimens (fig. 2), (2) the eleva- 
tion of the true-stress—true-strain curves for the 
notched specimens, and especially those for the 
deep-notch specimens, above those for the unnotched 
specimens at the corresponding temperatures, and 
(3) the decrease in the ductility of both series of 
notch specimens with decrease in the temperature 

The relatively small ductility (true strain at initial 
fracture) of notched tensile specimens is usually 
attributed to the effects on the metal of (1) the 
multiaxial stresses induced by the notch geometry, 
and (2) the stress concentrations at the root of the 
notch and the resulting stress gradients across the 
minimum cross section of the specimen. 

The concentrations and 
across the minimum section vary with the 
geometry of a notched specimen. For specimens 
with a constant notch angle and a constant radius 
at the root of the notch, the stress concentrations 
and stress gradients are generally believed to 
crease with increase in the depth of the notch, except 
for very shallow notches. Thus, since the ductility 


stress stress gradients 


cross 


de- 


increases with decrease in stress concentrations 
and stress gradients, the ductility of the deep- 
notch specimens should be greater than that of 
the shallow-notch specimens. However, the duc- 


tility of metal is also lowered when subjected to 
multiaxial stresses such as those induced by the 
notch, and for specimens with a constant notch 
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angle and a constant radius at the root of the notch, 
the ductility tends to decrease with increase in the 
depth of the notch due to the effect of the multiaxial 
stresses. 

The true strain at initial fracture of each deep- 
notch specimen was considerably greater than that 
of the shallow-notch specimen extended at the same 
temperatures. These data indicate that the ef- 
fect of the concentrations and gra- 
dients on the ductility of this heat of titanium 
was greater than that of the multiaxial stress state. 

The resistance of the titanium to tensile deforma- 
tion was greater when the metal was subjected to 
multiaxial stresses such as those induced by the 
notches than when it was subjected to unianxial 
tension. This is clearly illustrated in the true- 
stress-true-strain curves in figure 10, by the moderate 
and high elevations, respectively, of the curves for 
the shallow-notch and deep-notch specimens above 
that for the unnotched specimen extended to fracture 
at the same temperature. 

The rate of work-hardening of the titanium during 
deformation in tension depends greatly upon the 
stress system. This is shown clearly in figure 11, 
which depicts the variation in the rates of work- 
hardening with true strain for notched and un- 
notched specimens deformed in tension at +-24° ©, 
At small true strains (0.03 to 0.05), the rate of work- 
hardening of the deep-notch specimen was 5 to 10 
times as great as that for the unnotched specimen, 
whereas the rate of work-hardening of the shallow- 
notch ‘specimen ‘over the same strain range was only 


stress stress 


about twice that of the unnotched specimen. The rel- 
itive differences between the rates of work-hardening 
of these specimens decreased with increase in strain. 
Similar relationships were observed for the specimens 
tested at —196°, —78°, and + 100° C. 

It may be suggested that deformation in tension, 
under a multiaxial stress svstem, such as that induced 
by the notch, occurs by the movement of dislocations 
on slip planes in a greater number of directions 
within the crystals than is the case for deformation 
under uniaxial tension. Thus, with deformation 
under the multiaxial stress system, there will be a 
large number of intersections of dislocations with the 
accompanying production of jogs in the dislocations. 
Knergy is required to make one dislocation move 
across another dislocation. Moreover, the energy 
required to move a dislocation with a jog is generally 
ereater than that needed to move the dislocation 
prior to the acquisition of the jog. Both of these 
factors tend to increase the work-hardening of the 
metal [10]. 
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Figure 12. Effect of te mi pe rature on various tensile prope rties 


of notched specimens of the titanium. 


b. Influence of Temperature on Tensile Properties 


The relations between the temperature and some 
of the strength indices of both the shallow-notch and 
the deep-notch specimens of the titanium are pre- 
sented in figure 12. In general, these strength 
indices increase greatly with lowering of the tem- 
perature within the range 100° to 196° C, 
Moreover, the increase in strength of the deep-notch 
specimens is greater than that of the shallow-notch 
specimens. It should be pointed out, however, that 
the increase in the values of the true stress at a true 
strain of 0.01 with decrease in temperature should be 
considered as only a general trend; these values were 
affected greatly by the degree of local deformation 
that occurred at very low stresses in the region of 
high stress concentration at the root of the notch. 
This localized deformation was much greater in the 
specimens extended at +-24° and 100° C than in 
those extended at —78° and —196° C. 

The relations between temperature and ductility 
(true strain at maximum load and true strain at 
initial fracture) for the notched specimens are shown 
in figure 13. The true strains at initial fracture of 
both the shallow-notch and the deep-notch specimens 
with a lowering of the temperature. <A 
similar trend is observed in the data for the true 
strain at maximum load, except that for the deep- 
notch specimens the true strain was less at 100° 
that at +24° C 

The general decrease in the ductility of the notched 
tensile specimens with decrease in temperature 


decrease 





indicates that the range 100° to 196° C is 
within the transition temperature range, for the 
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titanium deformed slowly in tension under the 
multiaxial stress systems and stress concentrations 
induced by both the shallow and the deep notches. 
Thus, this transition-temperature range is consider- 
ably higher than that obtained on the titanium 
deformed slowly in tension under uniaxial 
the transition-temperature range of the latter was 
apparently below 196° C 


stress: 


3.4. Impact Tests on Charpy V-Notch Specimens 


In is known that increasing the rate of deformation 
of a metal that exhibits a transition-temperature 
range generally raises this range. The influence of a 
high rate of deformation on the transition-tempera- 
ture range of the titanium, subjected to multiaxial 
stresses, was studied by making impact 

196° to +300° C on Charpy V-notch specimens. 
These data are summarized in figure 14. A transi- 
tion temperature, based on the mean value of the 
energy absorbed at the lowest and the highest 
temperatures, of about 150° C was obtained 
The energy values decreased greatly as the tempera- 
ture was lowered through the range +300° to +26 
(’: the decrease in energy with lowering of the 
temperature below +26° C was relatively small. 
The energy absorbed in fracturing the specimens at 


tests al 























the lowest temperature, i. e., at —196° C, was about 
10 ft-lb. This indicates that the titanium. still 
retains appreciable notch toughness even at very 
low temperatures. 
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fracturing Charpy V-notch specimens of the titanium. 


4. Summary and Conclusions 


The strengths and the rates of work-hardening of 
both notched and unnotched tensile specimens of 


annealed commercially pure titanium generally 
increased as the temperature was lowered within 
the range 100° to 196° C. The presence of 


multiaxial stresses induced by the notch increased 
both the strength and the rate of work-hardening of 
the titanium. These effects were much greater in 
the deep-notch specimens than in the shallow-notch 
specimens. 

The ductility of the titanium extended under 
uniaxial stress was not impaired by lowering of the 
temperature within the range +-100° to —196°C. 
The truestrainat maximum load was increased greatly 
as the temperature was lowered from —78° to —150 
and 196° C 

The ductility of the notched tensile specimens of 
the titanium was much less than that of the unnotched 
specimens. The ductility of the titanium was 
reduced greatly by the presence of multiaxial 
stresses, stress concentrations, and stress gradients 
in the notched specimens. The ductility of the 
shallow-notch specimens was less than that of the 
deep-notch specimens, apparently due to the higher 
stress concentrations and stress gradients in the 
former specimens. Moreover, the experimental data 
obtained in this study indicate that the influence of 
the multiaxial stress system induced by the notch 
in reducing the ductility of the titanium is less than 
that due to the concentrations and 
gradients. 

The experimental results indicate that the transi- 
tion-temperature ranges for the titanium vary 
greatly with the stress svstem and the rate of de- 
formation. The transition-temperature range was 


stress stress 


below 196° C for slow deformation under uniaxial 
stress, apparently between 196° C (or perhaps 
lower) and 100° C for slow deformation under 
multiaxial stresses, and between + 26° and +300° C 


for rapid deformation under multiaxial stresses char- 
acteristic of the impact test on Charpy V-notch 
specimens. 

The experimental results obtained in this study 
indicate that in designing for use of titanium at low 
temperatures, special attention should be placed (] 
on the elimination or minimization of sharp fillets 
and small radii at roots of reentrant angles, and (2 
on providing protection against the acquisition of 
nicks or deep scratches during service. 


The authors are indebted to the Chemistry Divi- 
sion for chemical and spectrochemical analyses, to 
D. I. Walter of the Naval Research Laboratory for 
the oxygen and hydrogen determinations, and to 
C. R. Johnson for assistance in the experimental 
investigation. 
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Reactions at Wet-Dry Interfaces on Fibrous Materials 


Robert Schaffer, Wm. D. Appel, and Florence H. Forziati 


The 


brown-line”’ 


reaction on cellulosic materials at the boundary between areas wet 


with water and dry areas has now been found to be an example of a general phenomenon 


Other fibers and liquids participate in oxidation reactions at wet-dry interfaces 
of the reactions are given, the conditions necessary for them 


nature of the reactions is discussed. 
1. Introduction 


Bone and Turner [1, 2] ' first reported that cellulose 
undergoes degradation at the wet-dry boundary upon 
continuous immersion of one end of a long strip of 
cotton cloth in water. This reaction was evidenced 
by the appearance of a brown line at the highest level 
to which water ascended. The color was found to 
result from the presence of a brown material that 
fluoresced in ultraviolet light and was water-soluble 
and reducing. When this material was washed away, 
the cloth itself was found to have been attacked with 
formation of an oxidized cellulose. As this oxidized 
cellulose was nontransportable and as it could be 
found only at the wet-dry boundary, the site of the 
reaction was established. Thus, the possibility was 
eliminated that the upward flow of water had con- 
centrated the products of a reaction that occurred 
elsewhere in the wet region of the cloth. 

Bogaty, Campbell, and Appel [3] confirmed the 
observation of Bone and Turner [2] that the oxidized 
cellulose was of the mildly reducing acid tvpe and 
showed that among the soluble products were 
glucuronic acid, formic acid, and formaldehyde. 

Although oxidation appears to be involved in the 
reaction, the identity of the oxidant has not been 
established. Bone and Turner [2] were unable to 
ascribe this role to peroxide or ozone, and as the 
reaction was found to occur in a nitrogen atmosphere 
as well as in air, atmospheric oxvgen did not appear 
These workers recognized the 
possibility that oxvgen held by the cotton might have 
accounted for the reaction observed under nitrogen. 
More recently, a partial inhibition of the reaction was 
reported by Madaras and Turner [4], who conducted 
experiments at a pressure of S mm of mercury and 
detected the formation of acidic oxidized cellulose at 
wet-dry interfaces but did not observe browning. 
To account for the formation of the oxidized cellulose, 
a Cannizzaro reaction was postulated involving 
terminal aldehyde groups produced by hydrolysis at 
the wet-dry interface. The brown material formed 
in experiments carried out in air was concluded to 
result from a secondary reaction involving oxygen. 

The pronounced activity observed on cellulosic 
materials at the boundary between dry areas and 
areas wet with water made it of interest to investigate 
similar regions involving other liquids and other 
fibrous materials. Such studies have now’ been 


--- 


to be responsible. 


Figures in brackets indicate the literature references at the end of this paper. 


Examples 
are demonstrated, and the 


made, the results of which indicate that the reaction 
at cellulose-water-air interfaces is an example of a 
general phenomenon. As this may be of wide 
interest, it seems desirable to report the results of the 
work at this time, even though many questions 
concerning the phenomenon remain to be answered. 


2. Materials and Methods 


The fibrous materials used in the investigation 
were cotton cloth (plain weave, commercially 
bleached, sizing-free, 3.6 0z/yd?, 87 warp yarns and 
84 filling yarns per inch), nylon cloth (plain weave, 
2.6 oz/yd*, 158 warp yarns and 96 filling yarns per 
inch), acetate cloth (plain weave, 13.3 0z/yd?, 119 
warp varns and 65 filling yarns per inch), and quartz- 
fiber paper made by the Paper Section of the National 
Bureau of Standards. These materials were cut 
into strips, 1 to 2 in. wide, and purified. 

The cotton strips were extracted with boiling 95 
percent ethanol for 8 hr, immersed in boiling 1-per- 
cent sodium hydroxide solution in the absence of air 
for 2 hr, washed in distilled water, neutralized with 
dilute acetic acid, and again washed. The nylon 
strips were extracted with boiling ether for 6 hr, 
washed with a dilute solution of mild soap in distilled 
water, and thoroughly rinsed. The acetate strips 
were washed in dilute soap solution and thoroughly 
rinsed. The quartz-fiber paper was ignited at 800° 
C for 16 hr. 

The liquids used were benzene, xylene, chloroform, 
n-pentane, and distilled water. Of the organic 
liquids, the first three were reagent-grade chemicals 
that were distilled before use, the first two being 
previously dried over sodium. The n-pentane was 
of technical grade and was purified by shaking for 
2 to 3 hr with several portions of 30-percent fuming 
sulfuric acid. It was then washed with water, dried 
over sodium wire, and distilled. The distilled water 
was redistilled first from acidified and then from 
alkaline permanganate. 

The oxygen used was the usual commercial prod- 
uct; the nitrogen was a specially purified commercial 
product with an oxygen content below spectroscopic 
detectability. 

Evaporation experiments were performed in Pyrex 
glass apparatus, which provided gas inlet and outlet 
tubes, and a support for the strip of fibrous material. 
The general arrangement was similar to that shown 
in figure 1. <A sufficient length of fibrous material 
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was suspended from the L-shaped support to reach 
the bottom of the chamber where it dipped into 200 
to 300 ml of the liquid to be evaporated. The flow 
of gas was adjusted to permit the liquid to rise by 
capillarity to between one-third and two-thirds of 
the height of the unimmersed portion of the fibrous 
strip. Under these conditions, several days were 
required for complete evaporation of the liquid. 
Usually, however, evaporations were not carried to 
dryness but were terminated when evidence of reac- 
tion, that is, fluorescence at the wet-dry interface, 
was detected. In the absence of evidence of reac- 
tion, experiments were continued for a minimum of 
3 days. Some of the experiments were carried out 
in the diffuse light of the laboratory; others were 
carried out in a darkroom or were protected from 
light by wrapping the reaction chamber with heavy 
brown paper. Experiments were conducted at 
room temperature, which ranged between 23° and 
33° C 

For evaporation of n-pentane under nitrogen, the 
apparatus shown in figure | was used. With the 
fibrous material installed, the apparatus was alter- 
nately evacuated on a high-vacuum line and flushed 
with nitrogen during a 40-hr period. Simultane- 
ously, approximately 300 ml of n-pentane was 
degassed by usual techniques in another part of the 
vacuum system. Then, with the n-pentane frozen 
and both parts of the system under vacuum, the 
stopcock between the two parts was opened and the 
n-pentane, as it warmed up, was allowed to distill 
into the chamber containing the fibrous material. 
The flow of gas was then begun and regulated at a 
rate sufficient to maintain the wet-dry interface at 
the desired height 


3. Results and Discussion 


Table 1 presents a summary of the experiments. 

When other fibrous materials and liquids were 
subjected to the conditions that favor brown- 
line formation with cellulose and water, fluorescent 
lines visible under ultraviolet light were found at 
the wet-dry interfaces within 12 to 40 hr. Continu- 
ation of the experiments for several days resulted 
in visible browning at the interfaces. These results 
were obtained on cotton cloth upon evaporation of 
benzene (experiment 1), xylene (experiment 2), and 
chloroform (experiment 3); on acetate cloth and 
nvlon cloth upon evaporation of water (experiments 
7 and &, respectively); and on cotton cloth, nylon 
cloth, and quartz-fiber paper upon evaporation of 
n-pentane (experiments 4, 9, and 13, respectively). 

The basis for this common pattern of behavior 
was sought in an investgation of conditions es- 
sential for the reactions. 

As the reactions were obtained in experiments 
carried out in the absence of light (experiments 
1, 2, 3, and 13), it appears that the reactions are not 
photochemical in nature. 


TABLE | E ffec tol continuous evaporation at room temperature 
ol liqu ds from fibrous materials * 
rime when 
f ayer I orous Liquid Atmosphere fluorescen 
men . Was obser i 
! Cotton, light Benzeme Oxygen Within 16 hr 
eveluded 
do X viem do lo 
7 do Chiloroforn d Within 12 hr 
; Cotton Pentane do Within 16 hr 
p Cotton, et lo lo No fluores 
tire trip cence witt 
Wet, nol in 6 days 
tertact 
Cottor Nit ! Within 24 hr 
gussed for 
S day 
- Cellulose ac Water Oxvee! Within 40 hr 
tute 
s Nylon do do Do 
) do Pentan do Within 24 hr 
1 Nylon, et le i No fluores 
tire striy cence witl 
Wet, nol in 35 days 
terface 
11 Nylon le Nitr 1) 
12 do Pentane, shaken 1h 
With oxygen 12 
hr. and then ce 
gussed 
13 Quartz, light Pentane Oxyger Within 24 h 
excluded 
14 (Juartz ) . Nitrogen No fluore 
Cone 4 +? 
> i 
* Unless otherwise indicated, a strip of the fibrous material Was suspended 
in the liquid in such a Way that a wWet-iry interface Was present on the fibrous 
material Che fluorescence Was observed at the interfac Experiments Were 
earried out in the diffuse light of the laboratory except as indicated 


That these brown-line reactions are dependent 
upon the presence of contiguous wet and dry areas 
was suggested by experiments 5 and 10, using cotton 
and nylon with #-pentane in the presence of oxygen 
Here, the entire lengths of the unimmersed portions 
of the fabrics were wet with ascending liquid through- 
out the 3 days of evaporation. This was accom- 
plished by reducing the rate of flow of oxygen and 
employing shorter strips of cloth. With this arrange- 
ment, neither fluorescence nor browning were de- 
tected along the fabrics or upon the supporting rods. 
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Evidence that oxygen is essential to the reactions 
vas provided by experiments 11 and 14, using n- 
pentane with nylon and quartz-fiber paper, respec- 
tively. These experiments were performed at 
itmospheric pressure in apparatus from which as 
much oxygen as possible was excluded. To do this, 
the fibrous material and liquid were degassed 
separately under high vacuum before being brought 
into contact. The evaporation of n-pentane for a 
3-day interval in an atmosphere of  prepurified 
nitrogen then occurred without detectable reaction. 
As reactions had been found to occur when oxygen 
was available during similar experiments (experi- 
ments 9 and 13), it became evident that oxygen Was 
essential for the reaction. In view of the evidence 
discussed below) that chemical modification of the 
fibrous material is not involved in the brown-line 
reaction that accompanies the evaporation of organic 
liquids, experiments 11 and 14 are believed to 
represent complete inhibition rather than limited 
reaction of the type reported by Madaras and 
Turner [4]. Oxygen thus appears to be of primary 
importance. 

The likelihood that the fluorescence and brown 
material that resulted from evaporation of the 
organic liquids on fibrous materials were derived 
solely from chemical modification of the liquids, 
rather than from modification of the fiber, was 
suggested from the following observations: 

1. The brown material obtained with n-pentane 
and cotton cloth (experiment 4) was soluble in 
n-pentane but not in water. Despite this difference 
in solubility from the brown material formed = by 
evaporation of water from cellulose, both brown 
materials were capable of reducing silver thiosulfate 
in alkaline solution. These facts indicated that the 
n-pentane-soluble brown material was partially 
oxidized but capable of further oxidation, and in its 
solubility was unlike substances that might be 
expected from cellulose degradation. 

2. After extraction of the brown material with 
n-pentane, the cotton cloth that had been used in the 
experiment with n-pentane (experiment 4) failed 
to show the reactions characteristic of oxidized 
celluloses with methylene blue and with alkaline 
silver thiosulfate solution, indicating that the cellu- 
lose had not been oxidized during the interface 
reaction, 

3. The same lack of water-solubility of the brown 
products and the same nonreactivity of the extracted 
cotton to methylene blue and alkaline silver thio- 
sulfate were observed in the experiments using 
benzene and xvlene with cotton (experiments | 
and 2), 

1. The brown-line reaction that accompanied the 
evaporation of n-pentane from quartz-fiber paper 
under oxygen (experiment 13) left little doubt that 
the liquid was the source of the brown products, in 
as much as quartz is not subject to oxidation. 

In experiment 6 an extended degassing procedure 
Was carried out on cotton cloth and n-pentane, 
which were then combined for evaporation in nitro- 
gen. In contrast with similar experiments em- 


ploying nylon cloth and quartz-fiber paper with 
n-pentane (experiments 11 and 14), which gave no 
evidence of reaction, fluorescence was detected 
within 24 hr after the start of evaporation. This 
result is not considered to contradict the conclusion 
that oxygen is essential to the brown-line reaction 
with organic liquids, for, as suggested by Bone and 
Turner [2], it is possible that the cotton fibers may 
contain sufficient sorbed oxygen to account for 
the reaction. If, as suggested above, it is. the 
n-pentane and not the fibrous material that under- 
goes chemical modification in the evaporation ex- 
periments, it is probable that the reaction will be 
essentially the same, regardless of the nature of the 
fibrous material. Thus, the facet that oxygen is 
essential to reaction during evaporation of n-pentane 
from nylon cloth and quartz-fiber paper suggests 
that it is also essential to reaction during evaporation 
of n-pentane from cotton cloth. In this connection, 
it is of interest that Madaras and Turner [4] ob- 
served no evidence of reaction when n-hexane and 
eyclohexane were evaporated from cotton cloth in 
a vacuum, 

As both oxygen and wet-dry interfaces on the 
glass walls of the reaction chamber were available 
during many of the experiments described in this 
paper, evidence of the interface reaction should have 
appeared on the glass walls, if those conditions were 
sufficient to produce reaction. But in no experiment 
was evidence of reaction found anywhere except at 
the boundary between contiguous wet and dry areas 
on fibrous materials. Thus, even though the quan- 
tities of products formed are extremely small, wet- 
dry boundaries on fibrous materials are to be re- 
garded as constituting regions of enhanced chemical 
activity. 

In order to show that the wet-dry interfaces on 
the fibrous materials did not merely serve as sites 
where products formed elsewhere were most readily 
detected, experiment 12 was conducted. In this 
experiment, n-pentane was distilled into the tube 
shown in figure 2, where it was shaken for 12 hr in 
an atmosphere of oxygen and then degassed. The 
tube containing the n-pentane was then attached 
to the reaction chamber in place of the vacuum con- 
nector shown at the top of figure 1, and the assembly, 
which contained a strip of nylon cloth, was degassed. 
The sealed capillary (fig. 2) was then broken, thus 
allowing the liquid to siphon into the reaction cham- 
ber where the evaporation was conducted under 
nitrogen. Even with this most favorable arrange- 
ment for concentrating any products of the reaction 
of oxygen and n-pentane, there was no indication of 
fluorescence or of brown-line formation. 

Evaporation of water from acetate cloth and nylon 
cloth in the presence of oxygen (experiments 7 and 8) 
demonstrated brown-line reactions with other com- 
binations of materials. Here, as in the brown-line 
reaction with cellulose and water, the products are 
considered to be derived from the degradation of the 
fibrous materials. No attempt was made to verify 
this by experiment with the acetate and nylon. 
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4. Conclusions 


The results suggest that continuous evaporation 
of liquid at a wet-dry interface on a fibrous material 
in contact with air is accompanied by chemical modi- 
fication of either the liquid or fibrous material, 
depending on the kind of materials involved. With 
organic liquids, such as n- pentane, reaction appears 
to be confined to the liquid; with water, modification 
of the fiber occurs. Characteristic of all of these 
reactions is the formation at the wet-dry interface 
of a brown line that fluoresces in ultraviolet light. 
Atmospheric oxidation is involved in at least some 
of the reactions, as shown by the fact that the brown- 
line reaction occurring during the evaporation of 
n-pentane from nylon cloth and quartz-fiber paper 
in an oxygen atmosphere does not occur in a nitrogen 
atmosphere. 
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Scintillation Spectrometry of Low-Energy Bremsstrahlung * 


Margarete Ehrlich 


{ method was devised to measure bremsstrahlung spectra from commercial X-ray tubes 
on an absolute scale, using a thallium-activated sodium-iodide crystal-scintillation spectrom 
eter. The method was used to study bremsstrahlung spectra between 20- and 100- kilovolts 
exciting potentials from a beryllium window tube having a thick tungsten target. Fully 
corrected, absolute experimental spectra were obtained at exciting potentials of 50 and 100 


kilovolts 


In order to compare the experimental results with theory, a calculation was made vielding 
the thick-target bremsstrahlung spectrum derived from Sommerfeld’s theory. Experiment 
and theory showed order-of-magnitude agreement. However, a characteristic difference in 
spectral shape was observed, the experimental spectra showing a more pronounced peak, 
This peak is near 30 kilo electron volts and gives the impression of being superimposed on 


the spectral shapes expected from theory 


Finally, a point of interest to the practica! user of the \-radiation from beryllium window 
tubes was brought out, namely, that a considerable portion of the low-energy radiation, at 
least in the region between 12 and 30 kilo electron volts, is strongly absorbed in the tungsten 


target of a conventional X-ray tube 


1. Introduction 


1.1. Objective of the Present Study 


Although high-energy bremsstrahlung spectra have 
recently been studied in great detail, a number of the 
more fundamental features of low-energy brems- 
strahlung spectra, though under investigation for 
almost 40 vears, have as vet hot been satisfactorily 
explored. In fact, no absolute, fully corrected experl- 
mental data have ever been published, and no 
technique has been developed for a routine investiga- 
tion of spectra from commercial X-ray tubes. It is 
the object of this paper to report on the design and 
performance of a seimtillation spectrometer with a 
single thalltum-activated sodium-iodide erystal that 
lends itself to the absolute determination of brems- 
strahlung spectra from commercial X-ray tubes sO 
far, the instrument has been used up to 100-k\ 
exciting potential only, but it is expected that with 
some modification of design it could be useful up to 
150-kv and possibly to 200-kv exciting potential 


1.2. History of Bremsstrahlung Spectrometry 


The history of the investigation of the nonrelativ- 
istic bremsstrahlung continuum is surveyed — pri- 
marily by Kulenkampff # 2| and by Finkelnburg 


| 
a. Exploratory Experimental Work, Semiclassical Theory 
The study of bremsstrahlung spectra received its 

first impetus from the experimental work of Laue 

and Bragg [4, 5], whose crystal diffraction spectrome- 


ter was until recently the only apparatus that lent 
itself to a satisfactory study of the bremsstrahlung 


I ire n bracket ndicate tl terature reference it the end of this paper 


spectrum. The period between 1915 and 1930 
produced the discovery and the experimental proof 
of the existence of a short wavelength limit of the 
bremsstrahlung continuum and of its dependence 
on electron velocity [6]. This period also produced 
the general exploratory studies of the spectral 
distribution as a function of electron energy and 
target material [7], the investigation of the efficiency 
of the process of bremsstrahlung production, and the 
first angular distribution studies that confirmed 
Sommerfeld’s theoretical predictions [8, 9, 10]. 

In 1922, Kulenkampff measured the true spectral- 
intensity distribution of the bremsstrahlung from a 
number of different thick targets introduced into a 
gas-discharge tube that could be operated between 7 
and 12 kv [11]. His measurements were fully 
corrected and absolute except for the conversion of 
the ionization in his detector (an air-ionization 
chamber) into units of absorbed photon energy. 
This conversion was not carried out because the 
wavelength dependence of the energy expended per 
ion pair was at the time unknown. Kulenkampff 
represented his corrected spectral-intensity data as a 
linear function of (vj—v), where v represents any 
bremsstrahlung frequency below vp, the frequency at 
the Duane-Hunt limit. This expression is a very 
good approximation to his experimental spectral 
distributions 

Shortly thereafter Kramers published his semi- 
classical theory of the bremsstrahlung spectrum [12] 
Kramers arrived at the frequency distribution of the 
total emitted radiation, starting with the classical 
expression for the spectral distribution of the energy 
radiated by an electron moving in the Coulomb field 
of an atomic nucleus. This yielded expressions for 
the bremsstrahlung intensity as a funetion of 
frequency. When these expressions are integrated 
over the target thickness, they take essentially the 
form of Kulenkampff’s empirical — thick-target 
formula 
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Because of the considerable difficulties associated 
with exact experimental crystal spectrometry of the 
bremsstrahlung continuum, most of the experimental 
work confirming Kramers’ theory was carried out by 
indirect methods. One of these, introduced by 
Webster and Hennings [13], consisted in isolating 
narrow spectral bands by means of suitable filtration 
and studying their intensity as a function of electron 
energy (Isochromatenmethode). From the partial 
information gained in this way, one can reconstruct 
the total spectral distribution. Another method, 
used for thin-target work by Duane [9], Kulenkampff 
[14], and Nicholas [15], and recently developed to a 
considerable extent by others [16, 17], consists in 
deducing the spectral distribution from the shape of 
absorption curves. Such an indirect method is 
probably adequate for the determination of heavily 
filtered or of unfiltered X-ray spectra close to the 
Duane-Hunt limit, but breaks down for the long- 
wave end of the spectrum. The reason for the use of 
indirect methods to supplement diffraction 
trometry becomes clear if one considers the optimum 
X-ray target design factors and the nature of the 
various distorting influences of the diffraction spec- 
On the one hand, it is desirable to work 
with thin targets in order to minimize electron 
diffusion and energy through multiple non- 
radiative collisions in the target proper and to meas- 
ure the bremsstrahlung spectrum produced by a 
truly monodirectional and monoenergetic electron 
beam It is further desirable to have low-atomic- 
number targets in order to prevent the absorption 


spec- 


trometer 


loss 


of a portion of the bremsstrahlung by the target 
itself On the other hand, because of the low 
efficiency of the diffraction spectrometer, it ts 


important to produce high radiation fluxes—a_re- 
quirement that called for target-design 
exactly Opposite Lo those outlined before us optimum 
for the determination of an undistorted brems- 
strahlung spectrum. Further complications are 
introduced by the fact that the reflectivity of the 
crystal varies with the wavelength of the incident 
radiation and that the entering into the 
determination of beam intensity from the measure- 
ment of jonization currents in alr-ionization cham- 
bers are quite complex, and were at the time of the 
early bremsstrahlung studies not at all well under- 


stood 


factors 


factors 


b. Quantum-Mechanical Theory of the Nonrelativistic Brems- 
strahlung Spectrum, Experimental Verifications 


The impetus for this phase came clearly from the 


theoretical side In 1929 and 1931, Sommerfeld 
published the results of his quantum-mechanical 
calculations Limiting his caleulations to non- 
relativistic velocities, to dipole transitions, and 


initially to unsereened fields, he arrived at an exact 
expression fol the production of photons ol given 
energy and direction by incident electrons ol given 
energy [18, 19 Finkelnburg [2] points out that 
when integrated over all photon directions, Sommer- 
feld’s the A-ray spectrum 
considerable simuilarit, to that derived by 


expression for shows il 


formal 


Kramers. It is, therefore, not too surprising that 
the spectral distributions measured by Kulenkampff 
and others show a fairly good qualitative agreement 
with both Kramers’ and Sommerfeld’s theoretical 
expressions. Later, Sommerfeld’s theory was refined 
by Nedelesky, who introduced screening corrections 
in order to take account of the presence of the 
atomic electrons [20]. 

The progress in theoretical understanding of the 


problems of the nonrelativistic bremsstrahlung 
continuum was not matched by experimental 
advances, which could have facilitated thorough 


checks of the theory. The available experimental 
methods were still essentially the same as_ those 
used in the early studies. This fact may well be 
considered as one of the reasons whiv experimental 
work centered solely on studies of the angulai 
distribution and polarization of the bremsstrahlung, 
while no further attempts were made to measure 
absolute spectral intensities or to extend the studies 
of the spectral intensity distribution to higher 
electron energies. The only recent determinations 
of true spectra by direct methods seem to have been 


those by Kulenkampff and his coworkers [21, 22 
They used a hot-filament glass-bulb X-ray tube, 
with a massive tungsten target, and arrived at 


relative bremsstrahlung spectra obtained with excit- 
ing potentials up to 50 kv. After applying suitable 
corrections, they showed that their experimental 
data followed the empirical law found by Kulen- 
kampff in 1922. They mention, however, that the 
conditions for targets of low atomic number seem to 
be more complex. Diffraction spectrometry was 
hever attempted by direct methods on thin targets 
of low atomic number, probably Ink part because of 
the lack in efficiency of the old-ty pe diffraction 
spectrometer and also the apparent 
shift in general interest in basie physics from low- 


because of 


energy atomic to high-energy muclear physics; 
the latter may also have been one of the most 
important reasons for the facet that the eurved- 


crystal spectrometer, Which has proved so useful im 
gammia-line spectroscopy up to | Mev and higher 
[23], has never been used to study bremsstrahlung 
continua. However, the interest im the field seems 
to have been kept alive, if not for fundamental then 
at least for practical reasons, as shown by the re- 
newed attempts to find indirect methods to arrive at 
spectral distributions of bremsstrahlung continua 
by wa of absorption measurements [16, 7} 


c. Scintillation Spectrometry 


Around 1945 it became apparent that by coupling 
Rutherford’s seintillating sereen (first used for the 
detection of individual alphas particles With a 
photomultiplier tube, one could produce ath extremels 
the measurement of radiation 
energies and intensities [24]. Application of photo 
multiplier and electronic techniques, in conjunction 
with newly developed scintillator svstems, eventually 
transformed this simple device into one of the most 


sensitive system for 
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wowerful tools of modern physical research [25, 26, 
27, 28}. In principle, the method ts based on estab- 
shing simple relations between the readily measur- 
ble intensity of the light pulses within the particular 
scintillator and the energy of the incident photons 
ol particles), as well as between the number of 
vhtpulses in the seintillator and the number of 
neident photons Ol particles 
Hofstadter was the first to use thallium-activated 
sodium iodide, Nal (TI), for semtillation spectrometry 
ind to show that this material is particularly suited 
or spectrometry of low-intensity photon sources 
29. 30). Subsequently, he and Johansson independ 
ently observed the “photolines’” caused by the 
strong photoelectric absorption of monoenergetic 
photons m the iodine of the crystal (31, 32] Llof- 
studter also established that the height of the light 
pulses ensuing from the impinging photons was 
proportional to the energy lost by the secondary 
electrons in the ¢ rvstal [33]: also, that ina Nal(Tl 
ervstal large enough to facilitate total absorption ol 
the radiation, the number of light pulses Is equal to 
the number of impinging photons, which, in turn, 
Is proportional to the total radiation flux [31, 33 
These facts established the usefulness of the Nal(Tl 
scintillation counter when coupled with a suitable 
pulse-height discriminator for N- and gamma-ray 
spectrometry 





| p to now the seimtillation spectromete has been 
mainly used for gamma-line spectroscop,s lLlow- 
ever, In spite of its rather pool resolution (as com 
pared with a diffraction sprectometer) the advantages 
of the semtillation spectrometer over the diffraction 
spectrometer for the measurement of continuous 
spectra are quite apparent The diffraction spec 
trometer is complicated to operate, has a low vield 
thiaat depends On photon energy ina complicated Way, 


and is limited to comparativels low energies No 
such inherent limitations exist for the Nal(T 
scintillation spectrometet! It is of near-portable 


character, which makes its adaptation to a number of 
different problems of difficult’ geometries possible 
Provided that the ervstal ts large enough to absorb 
the incident radiation in its entirety, its. efficirene,s 
At present, the high-energy limit 
of sucha total-absorption spectrometer Is cviven only 
by the maximum size of the available Nal(Tl 
ervstals. Its efficieneyv is so high that the problem 
is usually not how to obtain sufficiently strong 
radiation sourees, but how to make them weak 


is equal to unity 


enough 

The first to use the Nal (Tl) scintillation spectrom- 
eter for a study of the bremsstrahlung spectrum was 
Johansson, who made a qualitative study of the 
spectrum from a commercial, thick-tungsten-target, 
vlass-walled N-ray tube in the energy range from 
about 10 to 100 key 54] He corrected his experi- 
mental data for the change in instrument resolution 
with energy, but made no attempts to assess other 
distorting factors, such as absorption of the radiation 
in the tube window, the counter wall, or the inter- 
Vveninyg wir. These corrections would be needed Lo 
willow a comparison of experiment and theory. 


Subsequently, the Nal (TL) seimtillation spectrometer 
Was used on several occasions for the measurement 
of “internal” bremsstrahlung, associated with the 
beta decay of a number of radioactive elements [35, 
36]. In these studies the corrections for the change 
of resolution with energy were carried out in a 
manner similar to those applied in the case of mag- 
netic spectrometry [87, 38, 39], and additional 
corrections for the escape of radiation energy in the 
form of iodine Ko fluorescence from the Nal(T)D 
crystal surface were calculated [36] Recently, 
Ramm and Stein [40] used a scintillation spectrom- 
eter to determine rough qualitative spectral distri- 
butions of heavily filtered N-ray beams from com- 
mercial tungsten target X-ray tubes, again without 
wry further corrections or attempts of a COMpPArison 
with the true, unfiltered bremsstrahlung spectrum 
No other work on seintillation spectrometery of 
bremsstrahlung continua has so far been reported 
Hlowever, it may be noteworthy that the use of a 
Nal(Tl) erystal counter as detector of the low- 
intensity N-radiation scattered off a quartz erystal 
enabled Beekman 40) to measure the spectrum ofa 
commercial X-ray tube operated at 125 kv constant 
potential, Beekman’s main interest’ lay in the 
determination of the influence of current waveform 
on spectral distribution, and he therefore made no 
effort to obtain absolute experimental data, to apply 
corrections, or to compare his results with theory 


2. The Experiment 
2.1. Source of Bremsstrahlung 


The most baste experimental studs on bremsstrah- 
lung would be that carried out on the spectra from a 
number of thin targets of different) compositions, 
Work on 1-Mev thin-target spectra was recently 
performed at the National Bureau of Standards by 
Motz and Miller [42]. A thiek-target X-ray tube 
was chosen for the present study, mainly because it 
was readily accessible and a study of its radiation 
could therefore be carried out with the expenditure 
of a minimum in funds, machine time, and personnel 
time llowever, the theoretical problem presented 
by the radiation spectrum from such a thick-target 
tube is much more complicated than that from thin 
targets, and it can, in fact, not as vet be solved in 
vreat detail 

In order to facilitate a calculation of the absolute- 
intensity distribution emerging from the tungsten 
target proper, an experimental X-ray tube with a 
beryllium window of known thickness and approxi- 
mately known purity was chosen for this study. 
The tube was held to constant potential with a 
ripple of less than 0.05 percent per milliampere 
The potential across the tube was determined by 
means Of measurements of the voltage drop across 
a Calibrated 250-megohm resistor in series, and was 
maintained to an aecuracy of less than 1 percent 
Because of the high sensitivity of the spectrometer, 
ib Was hecessary to operate the X-ray tube at 
extremely low currents. Such a procedure is 
justified under the assumption that a change in 
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tube X-ray 
Mnitensity but not in) The 
tube currents were too low for conventional dvnam- 
ical measurements, this reason the relation 
between tube current and the integral 
pulses counted in the detector svstem was established 
The tube was first 


produces ra change In 
distribution 


current merely 


spectral 


and for 
number ol 


by the following indirect method 
relatively high 
and a 


operated on a current order of 


magnitude of milliamperes relation Was 
established between tube current and tonization ina 
cavity chambet placed in the path of the radiation 


The tube current was then lowered to fractions of a 


microampere about O.OL wa and the ionization in 
the cavity chamber was measured once more. this 
time simultaneously with the total number of 


The low-ionization 
measurements were carried out by a statie method 
The relation between tube current and total number 
ol pulses height Wiis determined 
concurrently with the spectral measurement 
established the relation between the number of 
eounts per thinute pel pulse-height interval and the 
minute vive! 
which 


pulses above uovivell height 


above ua Yiven 


WW hich 


above il 
fixed the 


number of counts pet 
pulse height The 
lower limit of pulse height for the total counts, was 
mamtained constant to within 0.25 \ throughout thie 
which barely lasted more than | 


total 


bias setting, 


entire expel ment 


hour per spectrum 
2.2. Spectrometer Design Factors 
It was essential to construct a crystal photo 


rh iltiplhier assembly that would have rood resolution 
facilitate total absorption in the crystal and have a 
window of considerable transparency to the incident 
radiation \ Nal(Tl) ervstal lends itself espe tally 
well to this task in the low-enere 
absorption in the 


region, because 


photon crystal 
photoelectric effect In 


resulting 


practically all 
piace by this cuse 


from the 


takes 
the pulse-height distribution 
“absorption of monoenergetic photons consists of al 
essentially without any further 
disturbing distributions due to absorption by Comp- 


The 


broadening of 
Craussian 


fluctuations in 


Craussian curve, 


tor effect or pall production 


‘tic lines distributions Is 


nto 


oOnoeherve 


nly due to. statistical pulse 


iwihating at the emission from the cathode 
and the first few dynodes of the photomultiplie: 
Pulse-height resolution. is customarily defined as a 
quantity proportional! to the fractional ea n-sq are 
lation ol pulse height for identical seimtillations 


ey 
Th is, as long us photon enere, and pulse height ure 


proportional, resolution should thus be inversely 
proportional! to the square root ol the photor 
energy 

\ freshlv-cleaved Nal (TI crystal 0.5 on. high by 
0.5 in. bv O77 in was chosen as the core of thre 
detector Calculation had shown that a ervstal of 
these dimensions absorbs more than 99.99 percent 
of all ineident radiation up to SO kev in. single 


photoele tri absorption events and about 9S percent 
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The cube was sanded on the four sick 


at 100 key 


faces, which were then covered with aluminum foul 
for higher light-collecting eflicienes The ippel 
and lower surfaces remained unsanded The ery stal 


was cemented to a Dumont K-1177 photomultiplier 


tube. The tube-eryvstal assembly was placed within 
an air-and-light-tight Dural ean, filled with dry 
carbon dioxide of slightly higher than atmospheri 


pressure Figure | shows the details ol thre assembly 
The X-ray beam entered the assembly through an 


aluminum window, O.0006 in. thiel after having 
been collimated by a I-in.-thick brass diaphragm 
of a diameter ol approximately ) NIM The 
diaphragm confined the radiation to the central 


portion of the erystal Without contributing any 


characteristic radiation within the measured energy 
range 


2.3. Experimental Setup 


eXperitnn ritual sf Lup ure 


essentials of the 


The 


sketched in figure 2.) The electrons impinged upon 


the target of the N-rav tube under an angle of 22 ce 
rrees producing ait \ ray ay ith whose central ray 
emerged from the X-ray tube in a direction perpen 


bewim 


The X ray 


byreiss diaphragm ( lose 


dicular to the ineident eleetrons 
initially collimated by a l-in 
to the X-ray tube, reached the 


of 1 m from the target: the portion ol the beam that 


detector ina distance 


entered the crystal subtended at the lurvet a solid 
angle of 2.92 10) steradian The target dimen 
sions were neglected in this estimate The eleetri 


pulses from the photomultiplier, corresponding to the 
lieht pulses inn thre Nal Th) ervstal, were led through i 
cathode follower to a linear nonoverloading amplifier 
3), giving pulses of a maximum height of 60° 4 
clipped hy means of a delayv-line to approximately 
about 1Ousee in duration 


square shape and of 


These pulses were monitored with an oscilloscope 
} 


and were also counted in a sealer (sealer [in figure 2 


Simultaneously, the pulses were fed through i sina 
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channel differential pulse-height discriminator, and 
the number of pulses per channel width was detet 
mined by another sealer (sealer IL in’ figure 
Scaler LL was biased to discriminate against low-noise 


pulses anal the bias ol scalet l Wibs adjusted so us lo 
count only pulses above a certain height. This pro 
cedure allowed comparatively high differential count 
ing rates in sealer TL, at the same time keeping the 
integral counting rates im sealer | within reasonable 
limits. The differential counting rates varied be 
iween about LOO and 6.000 counts per minute the 
integral eounting rates did not exeeed 3,500 counts 
per minute. In the case of the 50-kev and the 
lO0-kKev spectra, which were the only ones obtained 
on un absolute seale, the integral counting rates 
were used to tre in with the previously discussed 


ecturrent measurement 


2.4. Spectrometer Calibration 


\ calibration of resolution as a funetion of ehere’s 
was obtamed by determining the width of the pulse 
height distributions at half height due to the Ik 
fluorescence lines from onine different radiators 
\ radiator chamber similar to that deseribed by 
Seemann [44] and a number of radiators supplied 
through the courtesy of Dr. Seemann were used for 
this purpose. The experimental setup ts sketched in 
figure 3. Bremsstrahlung from a commercial tung 
ten-target A-ray tube operated at suitable voltages 
is made to Hipiigve Upon a sheet of the radiator 
material, The fluorescent radiation emerging under 
and angle of ninety degrees is) analyzed in) the 
Nal Th ervstal specetlrometel 
the fluorescence from high Z materials, suitably 
chosen filters have to be introduced in the path ol 


In order to. tsolate 


the fluorescent radiation in order to prevent the 
‘) devree Compton ~ uttered bore msstrahbune Spe 

trum from being registered in the detector along with 
the WK-fluorescence lines No isolation of the KK, lines 
Wiis attempted us experiments had shown that 

vithin the limit of the resolution of the instrument 
the width of the K, lines alone was the same as that 
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of the entire KO series! ‘Table | gives a list and 
deseription of the radiators used and of the filtes 
materials that were found to be necessary to isolate 
the K-fluorescence lines, along with the exciting 
voltage for the bremsstrahlung used to produce the 
particular Ko fluorescence. Kach pulse-height distri 
bution was determined several times, each time with 
a different gain. The average resolution (in percent) 
Wiis obtamed for each line Iyy computing the line 
width at half height in volts, expressed in percent 
of the pulse height at the fluorescence peak, also 


in volts 
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Samples ol pulse-height distributions obtained for 
four of the fluorescent radiators were used to check 
the linearity of the energy scale, that is, the pro 
portionality of the voltage at pulse-height maximum 
with the energy of the X-ray photons. Figure 4 
shows the results of this check. The importance of 
the propel choice of filtration becomes apparent 
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in the pulse-height distribution shown In figure } 
for gold. This distribution 
insufficient filtration and is” therefore markedly 
The effect of filtration on the K-fluores 
pulse-height distributions Is seeh even better 


was obtained with 
skewed 
cence 
Figure 5 shows the distribution 
obtained lead radiator, with and without 
filtration When no filter is used, the entire brems- 
strahlung spectrum, scatt ‘red through 
0) degrees iss iperposed on the lead K fluorescence 
\ 0.95-mm lead filter although transparent to its 
own kK fluorescence strongly 
and thus isolates the lead K-fluorescence 
distribution The distribution 


in the case of lead 
with a 


an angle of 


absorbs all lower 
energies 
below Ht) key bet 
shown mm the graph contamed no points appre taboly 
nbove byene KRYUTO ind 
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FIGURE 6 P centage enerqyu resolution of spectrum as a fune 


tion of photon energy 

Figure 6 is a log-log plot of percentage resolution 
function of energy, obtained from the Kk- 
fluorescence data Values obtained with the Curia 
rays from cadmium-109 and with the silver Kk 
fluorescence associated with the decay of cadmium- 
109 [45] are shown as well. 

The line 


as al 


P aa OE ™ 
We 

shown in the graph was fitted to the experimental 
data by the method of least squares. Equation (1 
verifies the previously established fact that in this 
low-energy region the resolution depends primarily 
on the statistical distribution of the photoelectrons 
leaving the cathode of the photomultiplier. [46] 


2.5. Raw Experimental Results 


Figure 7 shows the differential counting rates ob- 
tuned for the bremsstrahlung continua from the 
bervilium-window X-ray. tube, operated at 50 and 
at LOO kv. as a function of photon energy Due to 
the extremely low current levels used for this study, 
fluctuations in the bremsstrahlung intensity could 


not be entirely eliminated For this reason, the 
quantity plotted on the ordinate is the following 
ratlo 
Carn ( | 
; 
Cot ria if ss 
(yi ts the differential counting rate per discriminator 


channel width: (; the integral counting rate; and 
HW. the width of the discriminator channel, expressed 
in kilo electron volts The plotted quantity is thus 
in units of number of differential counts per minut 
per milliampere per kilo electron volt 

The two spectral distributions of figure 7 will be 
used in section 4 for an absolute comparison between 
theory experiment In order to vIiIVe a better 
picture of how the spectral distributions change with 
exciting potential, five 


and 


more spectra obtained ut 
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exciting potentials between 20 and 100 kv are shown 
in figure 8. The ordinates of these spectra are not 
Oona comparable scale 

The energy scales shown on the abscissas of figures 
7 and S were obtained by a calibration of the spee- 
trometer with the known gamma and X-ray lines 
of Cd The differential counting 
curate to approximately +5 percent, the inaccuracy 
stemming from the limited counting statistics, as 
well as from the fluctuations in the discriminator 
channel width. There is an additional inaccuracy 
in the abscissa scale, amounting to about volt 
in pulse height, due to limitations in the electronic 
stability of the svstem. The accuracy of the meas 
urement of the current in the X-ray tube is estimated 
30 percent 


rates are ac- 


to be about 


2.6. Correction of the Experimental Data 
a. Variable Resolution 


The problem of correcting the pulse-height distri- 
butions for variable finite resolution consists essen- 
tially in finding the relation between C(/2’), the 
measured pulse-height distribution (number of counts 
per minute per discriminator window width) —cor- 
responding to a particular measured photon energy 
interval between /£’% and (£’-+dk’)— and N(/2), the 
true pulse-height distribution. It involves the solu- 
tion of the following inhomogeneous Fredholm 
equation of the first kind: 


~, 
~ 


K(E,E YN E\dE, (3) 


where A(/,f’), the kernel of the equation, repre- 
sents a distortion function expressing the probability 
lor a pulse due to photons of energy Ie to be recorded 
at the energs id Thus A(/,’) is the funetion 
embodying the experimental data for the resolution 
of the detector as a function of energy 

In the energy region under consideration, the 
pulses of monoenergetic X- or gamma-ray lines were 
seen to be widened into Gaussian distributions of 
width W(/t) at half height due to the limited resolu- 
tion. <A valid representation of the distortion fune- 
tion A is therefore given by 


K(E, RE >=Ne“*"*"" {) 


where the mean-square deviation is given by o 

Wie )| (2 y2In2), and N represents the normaliza- 
tion factor An equation of the tvpe (3 lends itself 
readily to numerical evaluation with the aid of 
automatic computers. The method was first worked 
out by the Naval Research Laboratory group in 
connection with a somewhat different problem [47] 
The method CONSIStS essentially inh reducing the 
integral equation to an equation involving discrete 
The function ACh’ matrix 
whose rank r¢ (here chosen as 19) Is equal 


Sulnis becomes i 


(A, / 
to the number of selected discrete energy points, ana 


the funetions N(/¢e) and Cle’) become the r-dimen- 
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sional vectors (Vy) and (¢ of the matrix equation 


(C Ne.) (Ker .J/ AE: 5 


Its solution for (CN, 
bution, is readily obtained by matrix inversion of 
AK, F after the sum of the elements of each column 
of the matrix (AY) has been normalized 
taking the place of a normalization of the Gaussian 


function K(k ke’ 


the true pulse-height distri- 


a procedure 


b. Crystal-Conversion Efficiency 


Equation (3) actually contains another factor, 
namely the efficiency of the spectrometer tor the 
conversion of incident photons into electric pulses 
As discussed earlier in this paper, at least 9S percent 
of all the impinging radiation are photoelectrically 
the erystal. Furthermore, as no K- 
peaks [36] were ever observed on pulse- 
height distributions obtained with the particular 
spectrometer, It Was concluded that the reometry 
of the detector was such that the escape of the todine 
K fluorescence from the crystal surface was negligible 
It was therefore considered legitimate to set the 
conversion-efliciency factor equal to 1.° 


absorbed hy 


escape 


c. Absorption of Bremsstrahlung During Passage From Target to 
Detector 


Table 2 lists the thicknesses and compositions ol 
the absorbers in the path of the X-radiation and 
gives the values for the absorption corrections Tol 
LS points between 10 and 100 kev These values 
were computed with the aid of current absorption- 
coefficient tables [48] The inaccuracies introduced 
in the absorption correction due to impurities in the 


] ABLI 2 lbsorption of bremsstral nga ng pe de 


tluminum and beryllium were estimated to be less 
than 2 percent 


2.7. Corrected Experimental Spectra 
The pulse-height distributions shown in figure 7 


were corrected in the manner outlined in section 2.6. 
Figures 9 and 10 show the uncorrected distributions, 
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together with the distributions obtained in the 
energy interval between 13 and 100 kev after cor- 
recting for finite spectrometer resolution and after 
additional correction for absorption. 

It is interesting to compare the spectra of figure 9, 
obtained with the bervilium-window tube, with the 
Compton-scattered-bremsstrahling distribution — of 
figure 5 from a tube with a window equivalent to 
-mm aluminum. The spectral peaks fall in both 
cases between 20 and 30 kev (note that the change 
in energy due to 90-degree Compton scattering of a 
30-kev photon is negligible). Even after all the 
corrections for absorption in the materials between 
target and detector have been taken into consider- 
ation, the spectra from the bervilium-window tube 
still show a sharp intensity decline for energies below 
25 to 30 kev. There is, furthermore, a quite dlis- 
tinet irregularity in the 50-kev spectrum near the 
tungsten L absorption edge (see the uncorrected 
data) and only a comparatively small shift in the 
location of the ensuing spectral peak with an increase 
of the exciting energy from 50 to 100 kev. These 
facts make one suspect that the shape of the low- 
energy section of the spectrum Isa property of the 
target rather than of the tube window. 

The low-energy peak of the 100-kev spectrum is 
considerably more pronounced than that found by 
Johansson by scintillation spectrometry [34] or that 
found by Beekman by crystal spectrometry 41] 
Kxperiments with two other Nal(Tl) detectors and 
an A-rayv tube with higher inherent filtration con- 
firmed that this difference is only in part due to the 
fact that an N-ray tube of lower inherent filtration 
was used for the present study. Also, it was found 
not to be a characteristic inherent in one particular 
Nal( Th detector 

The second, higher-energy peak appearing in the 
100-kev spectrum and in all other spectra excited at 
potentials above 60 kev, is not a part of the brems- 
strahlung, but represents the tungsten line spectrum 
Na line at 590.5 key In spite of the corrections. 
this line speetrum although approximately of the 
right) over-all width —still appears entirely unre- 
solved. This in part is probably due to the limited 
stability of the electronic equipment, and in part to 
the coarseness of the grid used in the discontinuous 
correcting procedure The dotted line in figure 10 
indicates the estimated course of the bremsstrahlung 
spectrum after the subtraction of the tungsten 
fluorescence peak and before correcting for absorp- 
tion 


3. Theoretical Considerations 
3.1. General Remarks 


Kulenkampff, in his original experimental work on 
the thiek-target bremsstrahlung spectrum [11], 
applied a number of corrections. These corrections 
stemmed in part from experimental and in part from 
theoretical considerations He arrived in this wil 
at a distribution for the bremsstrahlung spectrum 
from a thin target, and compared it with the then 
accepted theoreti al expression 


For the present study, a slightly different approach 
was chosen. Because of the primary interest in the 
spectrum as it emerges from the target of a com 
mercial X-ray tube, it was decided to apply the 
necessary corrections not to the experimental data 
but to Sommerfeld’s expression for the cross section 
for thin-target bremsstrahlung. In this way, one 
arrives at an expression for the theoretical thick- 
target spectrum, and can compare it) directly with 
the experimental spectrum emerging from the thick 
target (that is, after correcting the experimental data 
for absorption in air and in the other intervening 
materials This procedure seems to be especially 
appropriate to this case, as only a rough estimate of 
the theoretical corrections has been made 

A precise calculation of the bremsstrahlung spec 
trum emerging from a massive target would require 
the following: 

1. Integration of the thin-target spectrum over 
the path length of the electrons in the target, con 
sidering that, as the exciting electrons penetrate into 
the target, they soon lose their monoenergetic and 
monodirectional character due to nonradiative colli- 
sions within the target material. In consequence, 
the observed bremsstrahlung spectrum is not the one 
produced by a monodirectional, monoenergetic elec- 
tron beam, as would be the case for a thin target, 
but is produced by a stream of electrons distributed 
in energy over a wide spectrum and having a com 
plicated spatial distribution. 

2. Correction of this spectrum for the losses in 
exciting electrons due to backseattering from = the 
target 

3. Correction of this spectrum for the losses in 
emerging photons due to their absorption within the 
target material, taking into consideration the com- 
plicated spatial distribution of their origins, which is 
the result of the penetration and diffusion of the 
exciting electrons within the target. In = spite of 
recent advances [49], the general theory of electron 
penetration and diffusion has not as vet progressed 
to a point where a detailed calculation of this type 
would be feasible. What can be done at the present 
time is, at best, in the nature of a rough estimate 


3.2. Present Approach 


The present estimate followed the steps outlined 
in section 3.1. As some of the corrections are known 
only by order of magnitude, it was considered ade- 
quate to approximate the bremsstrahlung cross see- 
tion by a simple analytical expression, and to carry 
out all integrations by graphical means. Following 
is a brief review of the procedure 


a. Bremsstrahlung Cross Section 


According to theoretical considerations [50] elee- 
trons penetrating matter diffuse considerably before 
losing a substantial fraction of their energy. In fact, 
In a heavy element such as tungsten, they become 
practically completely IsSOLropie before losing 10 per- 
cent of their initial energy 

It thus seemed reasonable to assume in this first 
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approximation that the bremsstrahlung was emitted 
by an ISOLTOpIC distribution of electrons Further- 
more, even though the energy losses within the target 
are discontinuous, it is for the present purpose justi- 
fied to carry out the integration as if the energy were 
a smooth function of path length. Then, if 7(/¢,.4)dk is 
the nonrelativistic rate of bremsstrahlung emission 
per unit path length per unit solid angle, averaged 
over all directions, in the photon-energy interval be- 
tween & and k+dk (EF being the exciting electron 
energy), the integral over the electron tracks in the 
target takes the form 


[ky h (he ky\ds UE k\Vds/dhjdk, (} 


. et 


where s is the depth of penetration, fe is a function of 
8. and ke Is the energy of the electrons before then 
penetration and diffusion into the target. For the 


actual calculations, values for 7 lok dk as obtained 
from the numerical computations of Kirkpatrick and 
Wiedmann [51] (which are based on the Sommerfeld 
formula were used They could be approximated by 
a function of the form 


(EW [a—b In(k/E 
I 

If (42,4) is in units of 10" kev per steradian per milli- 
ampere per minute per unit kilo electron volt 
per centimeter, and A and / are in kilo electron volts, 
the constant @ is approximately equal to 16.7 and 4 
Is approximately t.64 The reciprocal stopping 
power ds/dE was calculated with the aid of the Bethe- 
Bloch formula [52] 


range 


b. Correction for Backscattering of Electrons 


The electron backseatter from the target was esti- 
mated, using Bothe’s experimental results that give 
the probability B/E jd(k/k,) for an 
known initial energy /, and of known direction, to 
be backseattered with a known fraction ///, of its 
primary energy [53]. For seattering materials of 
high atomic number and for a seattering angle of 
50 15", Bothe obtained for this probability a fune- 
tion that increases first slowly with increasing values 
of kk, then rises sharply to a maximum for kk 
somewhat above 0.9, and finally falls off to zero for 
K/fy=0.1 \ graphical integration of this function 
vields Bk ke the fraction of the total number of 
electrons, averaged ove rall angles, which is back- 
scattered with energies between a given energy / and 
the maximum energy /y. According to Bothe, 
about 75 percent of the electrons incident on a block 
of tungsten are This very 
well with the observations of Seliger [54 lt 
therefore the present estimate 
Bothe’s backseattering results by applving a correc- 
tion term | Bik KE, to the integrand of eq (6b 
The equation then becomes 


elect ron of 


scattered back nevTrees 


Wiis 


decided to tse for 


; 


["(Bo,h (Ee A) (ds dk 


c. Photon Absorption Correction 


If f,.(4)dr represents the fraction of the radiation 
of energy k produced at a depth « in the target 
measured in the direction of electron incidence, the 
fraction of the photons of energy k leaving the 
target is given by fo” f(r)de exp |—ulk)z/tan 9, 
where stan @ represents the laver that the photons 
have to traverse when leaving the target, as seen by 
inspection of the insert in fig. 2. The integral ean be 
written in the form = exp| tan 6], where 
J is a suitable average of + over the function f,(z 
Although this function is not well known, the average 
value (7), has been estimated, utilizing some general 
knowledge recently gained about the actual depth 
of electron penetration and bremsstrahlung produe- 
tion [49]. For the present approximate calculations, 
the value used for this average is one-fifth of the 
total electron range p= fy” (ds/dE) dF, for all values 
of I 

The — fully 


represented by 


~ulk J 


corrected spectrum wis therefore 


as i A eXp ulk p otand 
ad 
(UN kids dE \\i—Bk ky) |\dke. (6b 
Essentially, this amounts to the assumption of 


po This approximation is only ade- 
quate for wih) p< For wih) p> this exponential 
factor no longer holds, and the photon 
tan 4] 

was 


hela Olu 


eorrection 
correction is approximated by [/(0 

For the present calculations, eq (6b 
The absorption-correction term was evaluated by 


used 


setting the average depth of penetration (p/5) equal 
to 7.53 1O-* em for LOO-key electrons ana to 
2.29107 em for 50-kev electrons The total 


absorption coefficient for tungsten was obtained 


from current tables [48] 


4. Comparison of Experiment and Theory 


In order to facilitate a COMLparison between theory 
and experiment, the theoretical spectra correspond 
ing to eq (6), (6a), and (6b) are shown in figures 11] 
and 12, along with the experimental photon-energ, 
spectra. The experimental spectra were obtained 
from the fully corrected number-of-photons spectra 
of figures 9 and LO by weighting the ordinates by the 
respective photon energies and dividing by 2.92 
10-°, which is the solid angle in. steradians 


tended bry the spectrometer, 


sub- 


Considering the roughness of the theoretical esti- 
mate, the over-all order-of-magnitude agreement is 
quite good. There is, however, a remarkable differ- 
ence in shape between the caleulated and the 
nieasured spectra, the peak of the measured spectra 
in the neighborhood of 30 kev giving the impression 
continuous spectrum 
the caleulated 
30-kev peak becomes 


of being superposed upon a 
similar In shape to that of 


Figure S shows clearly how the 


one 
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more and more intense as compared with the rest 
of the spectrum as the exciting potential is increased. 
As pointed out in section 2.7, the pronounced 30-ke\ 
peak was found with two different detectors and two 
X-ray tubes of different makes and inherent filtra- 
tions. Even if iodine K escape had not been found 
negligible with the detectors employed, the peak 
could not have been attributed to iodine K escape 
from the tungsten-fluorescence lines for two reasons: 
First of all, an approximate calculation of the 
iodine K escape expected from a 59.5-kev line would 
amount to only 4 percent of the total intensity of this 
line. The observed intensity increase above what is 
expected from theory, although at the right energy 
for the iodine K escape from the tungsten K-fluo- 
rescence lines, is too pronounced. Second, and quite 
convincingly, spectra determined experimentally 
behind varying thicknesses of different absorbers 
showed that a sufficient amount of filtration removed 
the spectral peak in the neighborhood of 30 kev 
almost completely, although it absorbed only a 
comparatively small fraction of the tungsten Kk 
fluorescence. 

Another point of interest is the steep decrease of 
the experimental spectral intensity immediately 
below the 30-kev peak. An inspection of the 
theoretical curves of figures 11 and 12 shows that the 
absorption of the bremsstrahlung within the target 
is predominantly responsible for the peaks in the 
fully corrected theoretical distributions. This 
strengthens the suspicion that the shape of the low- 
energy portion of thick-target bremsstrahlung spectra 
is strongly influenced by the choice of the target 
material. Thus, in the case of a bervilium-window 
tube with a tungsten target, the effectiveness of the 
low-absorption window for passing low-energy 
X-radiation seems to be offset—at least above 
12.12 kev, the energy of the tungsten L-absorption 
edge—by the strong absorption of these radiations 
within the tungsten target. The present measure- 
ments were not carried to low enough voltages to 
determine conclusively whether or not there is an 
appreciable rise in intensity below the L-absorption 
edge of tungsten, 
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